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CHAPTER  I 


INTRODUCTION 

It  was  realized  early  in  the  history  of  metallurgy 
that  metals  have  an  internal  structure  and  that  the  dimen- 
sions of  this  structure  are  important  in  determining  the 
properties  of  the  material.  The  development  of  superior 
mechanical  properties  through  grain  refinement  has  been 
practiced  for  a very  long  time  and  interest  in  the  analysis 
of  relationships  between  these  parameters  can  be  traced 
back  to  the  early  metallographers  in  the  18th  century. 
Within  the  past  fifty  years  or  so,  many  attempts  have  been 
made  to  establish  quantitive  relationships  between  grain 
size  and  mechanical  properties.  These  studies  have  been 
successful  in  showing  the  reality  of  the  relationship  but 
have  not  established  any  specific  relation  which  can  be 
generally  applied  to  identify  the  mechanism  by  which  grain 
size  influences  properties.  Within  recent  years,  quantita- 
tive metallography  has  undergone  an  extensive  development 
which  has  made  it  possible  for  the  first  time  to  correlate 
mechanical  properties  with  rigorously  defined  geometric 
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parameters.  The  time  is  therefore  opportune  to  approach 
this  subject  with  new  and  better  tools  with  the  intent  of 
explaining  the  role  of  structure. 

1 • 10  Grain  Dimensions  in  Polycrystalline  Aggregates 

Reaumur  (1722)  was  one  of  the  earliest  metallo- 
graphers to  employ  a microscope  in  grain  structure  studies 
of  polycrystalline  metals.  He  examined  fractured  surfaces 
of  steel  and  cast  iron  and  suggested  a polyhedral  grain 
shape.  While  it  has  generally  been  found  impractical  to 
examine  isolated  grains,  it  is  always  possible  to  make  a 
plane  section  through  the  aggregate  and  to  examine  the  size 
and  shape  of  grain  sections  on  the  plane  of  polish.  The 
technique  of  studying  microstructures  on  plane  polished 
sections  found  its  useful  beginning  with  Sorby  (1882)  and 
coworkers  in  the  late  1800' s.  The  fine  structure  of  metallic 
aggregates  and  the  meaning  of  properties  in  terms  of  struc- 
ture rapidly  gained  interest,  but  it  was  not  until  the 
presentations  of  work  by  Heyn  (1903)  and  Jeffries  (1916)  in 
the  early  1900' s,  that  structure  measurements  were  put  on  a 
semiquantitative  basis.  These  measurements  were  immediately 
tested  in  their  relation  to  mechanical  properties  hoping  to 
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reveal  fundamental  and  general  laws.  The  ensuing  investi- 
gations are  too  numerous  for  separate  consideration,  but  in 
general,  most  failed  because  of  incorrect  interpretations  of 
aggregate  grain  dimensions. 

Desch  (1919)  was  perhaps  the  first  investigator  to 
conduct  an  extensive  study  into  the  true  three-dimensional 
form  of  aggregate  grains.  His  investigations , which  were 
later  extended  by  Hull  and  Houk  (1953) , showed  that  although 
a two-dimensional  section  through  a beta  brass  polycrystal 
gave  supposedly  regular  and  equiaxed  grains,  when  the  grains 
were  separated  by  mercury  penetration,  no  identical  grains 
existed.  These  investigations  attempted  to  define  what 
polyhedron  most  closely  approximates  the  average  grain  in 
a metal.  The  conclusion  was  that  grain  shapes  are  irregular 
and  can  not  be  completely  characterized  by  any  polyhedron. 

Saltykov  (1945)  was  the  first  to  derive  a relation- 
ship whereby  the  boundary  area  of  interface  per  unit  volume 
of  aggregate  (a  rigorous  geometric  property)  could  be  accur- 
ately determined  by  measurements  on  a two-dimensional  section. 
Later  investigators,  Smith  and  Guttman  (1953),  Duff in, 
Meussner,  and  Rhines  (1953),  and  Titel  (1953),  independently 
derived  and  introduced  the  same  relationship,  i.e.,  the 
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ratio,  Nl,  of  the  number  of  intersections  made  between  a 
known  length  test  line  and  grain  boundaiy  traces  is  an  un- 
biased estimator  of  the  grain  boundary  area  per  unit  volume. 
The  only  restrictions  are  that  test  sections  must  be  repre- 
sentative of  the  grain  structure,  and  that  a statistically 
meaningful  sample  be  counted.  The  relationship  is  Sy  2NL, 
where  Sv  is  the  total  area  of  interface  per  unit  volume  of 
structure.  Smith  and  Guttman*  s (1953)  paper  is  a classic 
presentation  of  the  principles  involved  in  true  measurements 
of  aggregate  structure  dimensions.  They  point  out  the  fallacy 
in  interpreting  two-dimensional  mean  grain  intercept  as  three- 
dimensional  grain  diameter,  although  more  recent  investigators 
either  have  not  accepted  or  are  not  aware  of  these  long-known 
principles . 

Intercrystalline  boundary  area  is  the  first  poly- 
crystalline aggregate  structure  measurement  that  has  a 
clearly  defined  and  physically  interpretable  meaning  in  its 
relationship  to  mechanical  property  measurements.  Other 
geometric  parameters,  such  as  those  introduced  by  Heyn  (1903), 
Jeffries  (1916) , and  other  early  investigators  were  attempts 
to  approximate  the  three-dimensional  properties  without  the 
awareness  of  true  topological  measurements  and  their  mean- 
ing. 
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Determinations  from  a single  plane  section,  such 
as  the  average  path  length  between  grain  boundaries  yield 
a sum  in  unit  volume  of  the  specific  property  that  is 
measured.  To  obtain  a three-dimensional  measurement  such 
as  "grain  diameter"  it  is  necessary  to  divide  the  "sum" 
by  the  number  of  grains  per  unit  volume.  The  number  of 
grains  per  unit  volume  is  not  obtainable  from  a single 
plane  section,  and  therefore  the  earlier  measurements  of 
"grain  diameter"  were  not  related  to  space  properties,  but 
rather  to  properties  of  the  cross  section.  It  so  happens 
that  most  of  the  measurements  that  were  incorrectly  related 
to  the  "grain  diameter"  actually  measure  some  function  of 
intercrystalline  boundary  area. 

A specific  example  of  this  can  be  found  in  the  in- 
vestigations of  Petch  (1953)  and  followers.  In  general, 
they  have  used  either  (1)  a type  measurement  directly, or 
(2)  some  function  of  the  number  of  grains  per  unit  area, 
to  determine  so  called  "grain  diameters."  Both  of  these 
measurements  were  made  on  two-dimensional  sections  without 
any  knowledge  of  the  number  of  grains  per  unit  volume. 
Therefore,  any  correlations  made  with  mechanical  properties 
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does  net  relate  to  "grain  diameter"  as  supposed  but  rather 
to  some  function  of  the  intercrystalline  boundary  area. 

1 . 20  Hardness 

Historically,  several  types  of  hardness  measure- 
ments  have  evolved  simultaneously,  with  each  specific  test 
suited  to  the  needs  of  the  originator.  This  has  resulted 
in  several  connotations  for  the  word  hardness.  Broadly, 
hardness  measurements  fall  into  three  categories:  scratch, 

rebound,  and  indentation.  Scratch  hardness  is  the  oldest 
having  been  first  introduced  by  mineralogists.  The  most 
widely  used  scratch  scale  depends  on  the  work  of  Mohs 
(1822)  who  used  the  mineral  standards.  The  scale  starts 
with  talc  (scratch  hardness  1)  and  ends  with  diamond 
(scratch  hardness  10).  This  scale,  although  useful  to  the 
mineralogists  for  the  classification  of  minerals,  is  limited 
because  of  not  being  quantitative,  nor  directly  related  to 
other  hardness  numbers.  Another  example  of  a hardness  scale 
that  relates  to  specific  material  properties  is  the  rebound 
measurement.  For  instance,  tiie  Shore  (1S13)  rebound 
sceleroscope  measures  the  rebound  distance  of  a hard  ball, 
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and  for  the  most  part  is  a measure  of  elastic  properties. 
Indentation  hardness,  as  it  is  most  commonly  measured,  is 
simply  the  resistance  of  a material  to  plastic  deformation. 
Common  indentation  tests  can  be  grouped  into  three  categories 
(1)  the  Brinell,  or  Meyer,  type  measurement  where  a spheri- 
cal indenter  is  pressed  into  the  test  material  until  the 
externally  applied  load  is  just  balanced  by  the  material’s 
resistance  to  deformation;  (2)  the  Rockwell  type  measure- 
ment where  a balance  is  not  necessary  and  the  measurement 
depends  upon  a depth  of  timed  penetration  at  a set  load; 
and,  (3)  variations  and  combinations  of  (1)  and  (2).  With- 
in limits,  indentation  hardness  scales  are  qualitatively 
mterrelatable  as  a group,  but  in  general  the  scales  of 
scratch,  rebound,  and  indentation  are  not  interconvertible. 
This  situation  was  pointed  out  by  O'Neill  (1934)  when  he 
wrote  that  hardness  "like  the  storminess  of  the  seas,  is 
easily  appreciated  but  not  readily  measured."  Several 
advocates  of  hardness  testing  have  written  books  on  the 
practical,  theoretical,  and  philosophical  aspects  of  hard- 
ness. Two  of  these  are  O'Neill  (1934)  and  Tabor  (1951) 
and  the  reader  is  referred  to  them  for  a complete  intro- 
duction to  the  general  aspects  of  hardness  and  its 


measurements . 
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In  this  research,  hardness  tests  were  all  of  the 
indentation  type  where  hardness  numbers  are  expressed  in 
the  dimensions  of  pressure,  i.e.,  equilibrium  load  per 
support  area.  There  were  several  reasons  for  choosing 
indentation  hardness  as  opposed  to  the  other  type  of 
mechanical  tests.  For  instance:  Cl)  indentation  hardness 

is  a static  type  measurement  that  attempts  to  read  a final 
result  where  plastic  deformation  has  come  to  an  end  and  the 
applied  load  is  just  balanced  by  the  resistance  of  the 
subject  material  across  the  support  surface,  whereas  other 
measurements  such  as  the  various  yield  strengths  attempt  to 
read  either  a predetermined  point,  or  a slope  along  a 
dynamic  load  versus  displacement  diagram;  (2)  indentation 
hardness  tests  only  require  one  relatively  smooth  and  flat 
external  surface  while  compression  and  tensile  test  speci- 
mens require  an  exact  length  and  cross  section  geometry; 

(3)  hardness  measurements  are  non-destructive;  (4)  hardness 
is  sensitive  to  grain  size  in  polycrystalline  aggregates; 
(5)  hardness  is  the  only  test  available  where  a single 
grain,  several  grains,  or  an  aggregate's  properties  can  be 
measured  and  compared  within  one  polycrystalline  specimen. 
For  these  reasons,  indentation  hardness  has  been  used  as  a 
tool  to  study  the  mechanical  properties  of  polycrystalline 
ag§regates  with  respect  to  their  dependence  upon  structure. 
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This  does  not  mean  that  useful  information  could  not  be 
obtained  from  other  types  of  measurements,  but  rather  that 
indentation  hardness  is  a superior  measurement  for  this 
particular  study. 

It  has  long  been  known  that  the  Brinell  hardness  of 
many  metals  increases  as  the  grain  size  becomes  finer.  In 
the  present  research  this  effect  has  been  verified  repeat- 
edly and  it  has  been  shown  that  the  hardness  is,  in  fact, 
proportional  to  the  area  of  grain  boundary.  This  response 
of  Brinell  hardness  to  grain  size  is,  moreover,  much  more 
distinct  and  regular  than  the  response  of  tensile  or  com- 
pressive yield  strengths  to  grain  size.  This  difference 
is  perhaps  associated  with  the  well  established  fact  that 
the  Brinell  Hardness  Number  is  a load  per  support  area 
which  balances  the  sum  of  two  resistances  to  deformation, 
one  being  the  fundamental  elastic  resistance  of  the 
material  in  its  pretest  condition,  the  other  being  the 
added  elastic  resistance  provided  by  strain  hardening, 
whereas  the  yield  strength  (ideally)  senses  the  fundamental 
elastic  resistance  alone.  A careful  analysis  shows  thac 
the  major  part,  possibly  all,  of  the  grain  size  sensitivity 
to  Brinell  hardness  is  to  be  associated  with  its  resistance 
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to  plastic  deformation  per  se.  In  other  words,  it  appears 
that  the  plastic  response  of  a metal  is  sensitive  to  grain 
size,  whereas  its  true  elastic  response  feels  only  the 
crystalline  properties,  irrespective  of  crystal  boundaries. 

Justification  for  the  separation  of  the  initial 
elastic  resistance  (without  prestrain)  and  the  added  re- 
sistance provided  by  plastic  deformation,  and  their 
separate  relation  to  structure  is  obtained  by  comparing 
the  investigations  of  Harris  (1922)  and  Lemons  (1964). 

Harris  (1922)  managed,  through  unique  testing  techniques, 
to  exclude  strain  hardening  contributions  from  Brinell 
hardness  measurements  on  alloys  of  alpha  brass.  By  elimi- 
nating strain  hardening,  this  hardness  number  measures  the 
equilibrium  load  that  is  just  balanced  by  the  resistance 
of  an  elastically  (but  not  plastically)  strained  subject 
material  across  a support  surface,  and  comes  as  close  to 
measuring  an  elastic  limit  as  is  possible  with  an  indentation 
hardness  test.  In  all  cases,  Harris's  (1922)  strainless 
Brinell  hardness  measurements  are  lower  than  normal  Brinell 
measurements.  This  shows  that  the  normal  Brinell  number  is 
composed  of  both  an  elastic  and  plastic  material  contri- 
bution. To  consider  the  role  of  structure  per  se,  it  is 
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necessary  to  include  the  work  of  Lemons (1964) , who  made 
Brinell  measurements  on  alpha  brass  alloys,  studying  the 
effects  of  grain  size.  As  previously  mentioned,  Lemons' 
(1964)  experiments  showed  that  Brinell  hardness  was 
directly  proportional  to  intercrystalline  boundary  area. 

This  direct  proportionality  provided  a method  for  the 
separation  of  the  hardness  contribution  of  an  average 
aggregate  grain-  from  the  gross  measurement  of  grains  and 
grain  boundaries  obtained  from  a polycrystalline  hardness 
number.  A comparison  of  the  average  grain,  polycrystalline, 
and  strainless  hardness  measurements  shows  that  the  strain- 
less hardness  is  lower  than  the  average  grai  n hardness  by 
a constant  value,  while  the  magnitude  of  the  polycrystal- 
line hardness  depends  upon  intercrystalline  boundary  area. 
Thus,  the  magnitude  of  the  polycrystalline  Brinell  hardness 
must  be  associated  with  an  interaction  between  structure 
and  plastic  deformation.  Therefore,  the  Brinell  or  similar 
indentation  hardness  tests  are  seen  to  be  ideally  suited  to 
the  measurement  of  structure  sensitivity  to  plastic  deform- 
ation, and  have  been  used  exclusively  in  the  research  that 
will  be  described  in  this  text. 

■^Average  grain  means  an  average  with  respect  to  crystallo- 
graphic orientation. 
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Apropos  of  indentation  hardness  measurements,  a 
historical  introduction  to  the  specific  test  used  in  this 
investigation  is  in  order.  These  tests  and  their  relation 
to  material  properties  will  be  considered  in  two  distinct 
but  related  categories:  (1)  macrohardness,  where  large, 

indenters  and  loads  are  used  to  test  average  grain  and 
grain  boundary  properties,  and  (2)  micro  hardness  where 
small  indenters  and  loads  are  used  to  test  the  properties 
of  local  or  separate  features  such  as  grain  ceaters  or 
grain  boundaries.  Names  associated  with  these  tests  are: 
(1)  Brinell  macrohardness,  (2)  Meyer  macrohardness , and 
(3)  Vickers  microhardness. 

Almost  since  its  beginning,  the  Brinell  Hardness 
Number  has  been  a commonplace  designation  in  material 
specifications.  Brinell* s thoughts  expressed  during  the 
development  of  the  test  might  help  to  provide  insight  into 
the  reasons  for  this  general  acceptance.  J.A.  Brinell  was 
chief  technical  manager  at  the  Fagersta  iron  and  steel 
works  in  Westmanland,  Sweden  during  the  formative  era  of 
his  hardness  test.  He  wanted  a ready,  easy,  and  at  the 
same  time,  trustworthy  means  for  controlling  what  was  then 
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called  the  "forging  tests."  These  "forging  tests"  give  the 
relative  hardness  of  materials.  Brinell  decided  to  use  a 
ball  for  hardness  testing  because  of  availability  and  the 
thought  that  a spherical  indenter  would  give  more  consistent 
results  in  a variety  of  places.  The  mechanics  of  the  test 
consisted  of  placing  a ball  bearing  on  the  test  material 
and  applying  a known  load  to  the  upper  side  of  the  ball. 

The  test  was  complete  when  the  ball  came  to  rest  and  re- 
mained essentially  static  with  the  load  applied. 

Brinell  set  up  these  criteria  for  a hardness  test: 
(1)  it  must  give  trustworthy  results,  (2)  it  must  be  easy 
to  learn  and  apply,  (3)  there  should  be  no  need  for  costly 
or  time  wasting  mechanical  treatment  of  the  materials  pre- 
vious to  testing,  (4)  the  indenter  should  be  cheap,  easy 
to  obtain,  incapable  of  changing  its  shape,  and  of  a 
sufficient  hardness,  (5)  the  method  should  be  applicable 
to  finished  articles,  as  for  instance,  armor  plates,  pro- 
jectiles, and  the  like,  and  (6)  the  testing  results  should 
be  indicative  of  the  absolute  hardness  of  the  material 
tested.  The  Brinell  Hardness  Number  (BHN)  proposed  by 
Brinell  used  the  load  applied  to  the  ball  divided  by  the 
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curved  surface  area  made  during  the  impression.  Standard 
units  are  kilograms  per  square  millimeter. 

The  question  often  arises,  why  did  Brinell  use 
the  curved  impression  surface  area  rather  than  the  pro- 
jected surface  area?  Wahlberg  (1901)  in  his  account  of 
Brinell' s investigations  and  thoughts,  says  without  ex- 
planation, that  the  curved  area  tends  to  compensate  for 
strain  hardening.  Some  sense  of  the  reasonableness  of 
this  assertion  may  be  derived  from  the  fact  that  the  rate 
of  change  of  curved  area  is  more  rapid  than  the  projected 
area  and  would  have  the  effect  of  decreasing  the  hardness 
number  for  deep  impressions.  In  other  words  the  meaning 
of  the  test  becomes  ambiguous  when  the  test  impression 
diameter  approaches  the  diameter  of  the  indenter.  In  • 
the  current  investigations,  hardness  numbers  determined 
from  curved  area  were  within  1 per  cent  of  those  deter- 
mined from  projected  area  in  all  cases. 

Meyer  (1908)  discovered  a method  whereby  a Brinell 
type  hardness  test  could  be  extended  to  the  separate  evalua- 
tion of  both  the  pretest  hardness  and  the  rate  at  which 
tne  material  under  the  ball  hardens  durhg  the  test.  Both 
of  these  measurements  are  obtained  from 


an  empirical 
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relationship  between  the  applied  load  and  the  hardness 
impression  diameter. 

Meyer  (1908)  found  for  twenty-eight  different 
metals  that  the  load  applied  to  a constant  size  ball  was 
related  to  the  impression  diameter  through  the  equation 
L = kdn,  where  L = load  in  kilograms,  d = chordal  dia- 
meter of  the  impression  in  millimeters,  k = load  in  kilo- 
grams when  d equals  1 millimeter,  and  n = coefficient 
relating  to  the  strain  hardenability . The  pretest  hard- 
ness number  is  different  from  a normal  hardness  number 
because  the  impression  size  is  constant  ( d=  1 millimeter) 
and  the  load  (k)  varies.  Therefore  the  pretest  hardness 
number  is  proportional  to  k because  of  the  constant  support 
area.  It  was  called  "pretest"  because  it  relates  to  a 
very  early  stage  of  the  deformation  process  where  supposedly 
very  little  strain  hardening  of  the  material  under  the 
ball  had  taken  place.  The  strain  hardening  coefficient 
(n)  does  not  measure  a hardness  per  se,  but  rather  a rate 
of  hardening  during  the  indentation  process.  Therefore  it 
can  not  be  obtained  from  a single  hardness  test,  but 
requires  a series  of  tests  to  establish  the  relationship 
between  load  and  impression  diameter.  The  coefficient 
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(n)  can  be  used  as  a measurement  of:  (1)  the  rate  of 
strain  hardening  during  the  test,  or  (2)  the  amount  of 
strain  that  was  already  present  in  the  material  before 
the  test  started.  For  instance,  most  recrystallized 
metals  have  a coefficient  of  about  2.5  (they  strain 
rapidly  during  the  test,  but  contain  no  prestrain)  while 
worked  materials  approach  a limiting  coefficient  value 
of  about  2.0  with  increasing  work  content  (they  strain 
harden  very  little  during  the  test,  but  contain  large 
amounts  of  prestrain).  Meyer's  (1S08)  analysis,  although 
empirical,  is  found  to  hold  over  a wide  variety  of  mater- 
ials and  conditions  including  the  specific  materials 
currently  studied  by  the  writer.  Therefore,  both  pre- 
test and  strain  hardening  will  be  investigated  in  this 
research. 

Meyer  Hardness  Number  (load  per  square  millimeter 
of  projected  area)  is  generally  preferred  over  Brinell 
Hardness  Number  (load  per  square  millimecer  of  curved 
area)  because  Meyer  hardness  is  interpretable  in  terms  of 
an  average  pressure  measurement.  A comparison  of  Meyer  and 
Brinell  hardness  is  given  with  the  average  pressure  deriva- 
tion in  Appendix  I.  Throughout  this  investigation,  both 
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hardness  measurements  are  acceptable  in  that  they  are  not 
different  by  more  than  1 per  cent.  Since  Brinell  hardness 
is  most  widely  known,  it  will  be  used  in  subsequent  chapters 
except  when  comparisons  are  made  with  compression  and  tension 
type  stress  versus  strain  investigations. 

The  microhardness  test,  known  by  the  name  of 
Vickers,  is  the  product  of  an  evolution  through  many  dif- 
ferent types  of  hardness  measurements.  The  "Father  of 
Micro -Indentation  Testing"  was  Le  Gris  (1911)  who  used  the 
end  of  a glass  rod  formed  into  a spherical  tip  micro- 
indenter  to  measure  the  relative  hardness  values  of  phases 
in  two  phase  alloys.  Although  a start,  the  microhardness 
technique  of  Le  Gris  (1911)  was  unhandy  and  very  limited 
in  general  application.  For  instance,  the  micro -indenter 
was  both  fragile  and  small,  and  the  resulting  impression 
diameters  could  not  be  accurately  measured  without  a 
microscope.  A major  improvement  was  made  a few  years  later 
when  Lips  and  Sack  (1937)  mounted  a micro -indenter  inter- 
changeably with  a microscope  ;obj ective.  The  result  was 
that  microhardness  measurements  were  greatly  facilitated 
and  in  fact,  made  practical  by  indenting  and  measuring 
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on  a single  instrument.  These  original  ideas  have  carried 
over,  and  within  the  past  few  years  the  range  and  accuracy 
of  the  microhardness  test  has  been  greatly  extended.  Cur- 
rently available  microhardness  testing  machines  are  equipped 
with  a variety  of  optical  measuring  devices,  indenters, 
loads,  and  loading  rates. 

The  major  applications  of  microhardness  measurements 
depends  upon  their  size.  These  small  impressions  and  the 
resulting  zone  of  plastic  deformation  can  be  limited  to  a 
local  region.  They  are  therefore  useful  in  the  comparison 
of  constituents  or  structure  within  a single  specimen.  In 
general,  this  is  the  application  made  of  microhardness  in 
this  research  where  low  load  measurements  are  used  for: 

(1)  relative  comparisons  of  grain  center  and  grain  boundary 
regions,  (2)  studying  average  grain  center  microhardness 
as  a function  of  alloy  composition,  and  (3)  comparisons 
with  previous  microhardness  investigations  on  similar  test 
materials . 

1 . 30  Hardness  as  a Function  of  Grain  Dimensions 

Many  attempts  have  been  made  to  determine  the  in- 
fluence of  grain  boundaries  on  the  mechanical  properties 
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of  polycrystalline  metals.  The  literature  pertaining  to 

the  current  investigation  is  so  voluminous  that  the  writer 

finds  it  necessary  to  limit  his  survey  of  it  to  a specific 

subject  area.  The  literature  survey  that  follows  deals 

with  the  grain  size-hardness  relationships  in  copper  and 

alpha  brass,  where  the  grain  size  has  been  measured  and 

expressed  in  explicit  terns. 

Bassett  and  Davis  (1919)  studied  the  effects  of 

grain  size  on  the  Brinell  hardness  of  68-32  copper-zinc. 

Grain  dimensions  were  approximated  by  a so  called  "grain 

diameter  (d)"  which  was  determined  from  Jeffries  (1916) 

-1/2 

formula  d = (n)  where  n is  the  number  of  grains  per 

unit  area.  The  range  of  "grain  diameter"  investigated 

was  from  0.024  to  0.353  millimeters.  Hardness  increased 

at  a non-uniform  rate  with  decreasing  "grain  diameter," 

showing  the  largest  increase  below  0.05  millimeters. 

Norbury  (1923),  upon  noting  the  results  of  Bassett  and 

Davis  (1919) , decided  to  conduct  a similar  investigation 

on  pure  copper.  Early  in  his  investigation,  it  became 

apparent  that  the  Brinell  hardness  of  copper  was  relatively 

insensitive  to  grain  size.  Angus  and  Summers  (1925)  intro - 

1 /? 

duced  the  expression  3(n) 


which  they  call  "grain 
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boundary  area."  This  was  derived  on  the  assumption  that 
grains  can  be  approximated  by  cubes.  The  term  n is  the 
number  of  cubes  per  unit  area  (assumed  to  be  the  number  of 
grains  per  square  millimeter).  Data  on  several  materials 
including  copper  and  cartridge  brass  (70-30  copper-zinc) 
showed  that  the  relation  between  3(n)^^  and  hardness 
approximated  a straight  line.  The  concept  of  grain  bound- 
ary area  and  its  relation  to  hardness  measurements  remained 
relatively  dormant  for  the  next  few  years  until  Babyak  and 
Rhines  (1960)  revived  the  concept  using  a clearly  defined 
relationship  of  quantitative  metallography.  Their  investi- 
gation showed  that  the  Brinell  hardness  of  polycrystalline 
cartridge  brass  was  directly  proportional  to  accurately 
determined  grain  plus  twin  boundary  area.  The  boundary 
area  was  statistically  determined  through  Nl  measurements 
and  showed  that  the  scatter  associated  with  previous 
approximate  relationships  was  eliminated.  This  research 
was  the  first  investigation  to  express  the  grain  dimensions 
in  mathematically  definable  terms,  although  in  the  written 
discussion  by  other  investigators,  the  concept  was  criticis- 
ed on  the  lack  of  fundamental  interpretation. 
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This  same  type  of  investigation  was  continued  by 
the  writer  in  1962  on  copper,  90-10  and  70-30  copper-zinc. 
Brinell  hardness  was  found  to  be  directly  proportional  to 
intercrystalline  boundary  area  at  all  of  these  compositions. 
A comparison  of  the  70-30  copper-zinc  data  with  the  previous 
investigation  of  Babyak  and  Rhines  (1960)  showed  the  two 
relationships  between  boundary  area  and  hardness  to  be 
identical.  This  result  was  stimulating  because  alloy  heats 
and  specimen  production  procedures  were  different  in  the  two 
cases.  Further  comparisons  of  similar  properties,  such  as 
hardness  at  a predetermined  value  of  boundary  area,  showed 
a strong  compositional  dependence,  e.g.,  cartridge  brass  of 
a fine  grain  size  was  two  times  harder  than  copper  of  com- 
parable grain  size,  with  commercial  brass  (90-10  copper- 
zinc)  falling  in  between.  The  writer  was  encouraged  by 
this  result  to  undertake  an  examination  of  the  effect  of 
the  zinc  content  upon  the  hardness-intercrystalline  bound- 
ary area  relationship  in  alpha  brass. 

Lemons  (1964)  measured  Brinell  hardness  as  a func- 
tion at  intercrystalline  boundary  area  for  seven  alloys 
spanning  the  complete  solubility  of  alpha  brass.  All 
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measurements  were  made  at  room  temperature  following  the 
basic  experimental  techniques  introduced  by  Babyak  and 
Rhines  (1960).  Lemons'  (1964)  research  was  of  an  explora- 
tory nature  and  showed  that:  (1)  Brinell  hardness  was 

directly  proportional  to  intercrystalline  boundary  area 
throughout  the  alpha  brasses,  (2)  the  linear  relationship 
between  hardness  and  boundary  area  could  be  used  to  dis- 
tinguish the  hardness  of  a grain  per  se  from  the  hardness 
contribution  of  the  grain  boundary,  (3)  the  average  grain 
hardness  per  se  was  relatively  insensitive  to  composition, 

(4)  the  grain  boundary  hardness  contribution  on  the  other 
hand,  was  strongly  sensitive  to  composition,  but  not  simply 
related  to  the  amount  of  solute  present  in  the  alloys,  and 

(5)  further  study  would  be  required  to  understand  completely 
these  measurements. 

In  the  year  following  the  completion  of  this  ex- 
ploratory research,  Rhines  (1965)  introduced  and  explained 
a model^  whereby  a grain  boundary's  resistance  to  plastic 
deformation  could  be  directly  related  to  grain  boundary 
area.  Although  fundamental  to  the  interpretation  of  a 

^■Appendix  V is  devoted  to  an  abbreviated  explanation  of 
this  model. 


23 


grain  boundary's  role  in  resistance  to  polycrystalline 
deformation,  this  model  left  several  experimental  facts 
unanswered.  For  instance:  why  is  the  grain  boundary  con- 

tribution to  hardness  sensitive  to  composition,  and  why 
isn't  this  sensitivity  simply  related  to  the  amount  of 
solute  present  in  the  alloy?  In  the  research  that  is 
about  to  be  presented,  the  writer  has  attempted  to  answer 
these  questions  by:  (1)  making  the  Brinell  hardness  versus 

boundary  area  measurements  at  several  temperatures  (77,  298, 
573,  and  873°K);  (2)  carefully  analyzing  the  crystal  and 
crystal  boundary  contributions  to  hardness  at  all  of  these 
temperatures;  (3)  gleaning  pertinent  research  findings  from 
the  metallurgical  literature;  (4)  combining  the  experimental 
results,  theory,  and  literature  into  a unified  theory;  and 
(5)  repeating  the  basic  experiments  on  another  alloy  system 
to  test  the  generality  of  the  information  obtained  from  alpha 
brass . 

1*40  Purpose  and  Scope  of  this  Research 

In  spite  of  the  fact  that  mechanical  properties 
have  been  studied  extensively  as  a function  of  various 
grain  structure  dimensions,  no  complete  nor  unambiguous 
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theory  has  evolved  to  explain  the  role  of  structure. 

Recently,  advances  in  quantitative  metallography  have 
clearly  defined  the  two-  and  three-dimensional  measure- 
ments of  grain  dimensions  with  mathematical  precision, 
thereby  providing  a sound  basis  for  the  understanding  of 
problems  in  both  the  measurement  and  interpretation  of 
structure  relationships.  Also,  investigations  have  shown 
that  indentation  hardness  is  strongly  sensitive  to  internal 
structure,  and  that  this  sensitivity  implies  an  inter- 
action between  plastic-mechanical  properties  and  structure 
per  se.  Thei'efore,  the  purpose  of  this  research  is  to 
study  the  relationship  between  indentation  hardness  and 
intercrystalline  boundary  area  as  a function  of  composition 
and  temperature  in  polycrystalline  alpha  brass.  This  is 
expected  to  lead  to  a better  understanding  of  the  role  of 
structure  in  the  deformation  of  metallic  polycrystalline 
aggregates. 

Alpha  brass  is  ideally  suited  for  this  investiga- 
tion because  of:  (1)  the  breadth  of  the  alpha  solid  solu- 

bility range;  (2)  good  working  px'operties  and  the  possibility 
of  producing  a wide  range  of  grain  size  at  all  compositions; 
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(3)  availability  of  high  purity  alloys;  (4)  the  strong 
dependence  of  hardness  upon  grain  size;  (5)  the  vast 
amount  of  previous  research  upon  its  physical  properties; 
and  (6)  the  large  amount  of  completed  exploratory  research 
into  specific  parameters  that  are  of  interest  to  the 


writer. 


CHAPTER  II 


EXPERIMENTAL  PROCEDURE 

2*10  Materials  and  Specimen  Production 
✓ 

In  order  to  produce  a wide  range  of  uniform  grain 
in  a series  of  alpha  brass  alloys  (0-3:3  w/o  zinc)  , 
ma Lerials  were  subjected  to  the  following  treatments. 

Base  materials  were  received  in  the  form  of  cast  high 
purity  2x2x12  inch  test  bars.^  The  spectrographic  analyses 
and  nominal  reference  compositions  of  the  seven  test  bars 
are  given  in  xabie  I.  Similar  ingots  of  pure  copper  were 
made  by  melting  and  soli  difying  cathocte  sheet  copper  in  a 
pure  graphite  crucible  using  a borax  flux.  All  ingots  were 
then  cleaned  and  leveled  by  surface  milling  to:  (1)  elimi- 

nate inhomogenities,  (2)  produce  parallel  working  surfaces 
for  cold  rolling,  and  (3)  provide  small  chips  at  each  com- 
position for  subsequent  heat  treating.  Ingots  were  then 
reduced  to  sample  size  by  the  following  procedure:  (1) 

slice  each  ingot  along  its  long  axis  and  surface  mill  the 

Courtesy  of  Anaconda  Brass  Company. 
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TABLE  I 

Spectrographic  Analysis  of  Alpha  Brass  Materials 


MEL  Number 

w/o  Copper 

w/o  Zinc 

100 

100.00 

0.00 

95 

94.58 

5.42 

90 

89.69 

10.31 

85 

84.60 

15.40 

80 

79.72 

20.28 

75 

74.72 

25.28 

70 

69.80 

30.20 

65 

64.85 

35.15 
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newly  cut  surfaces  to  produce  2x2x1. 5 inch  pieces;  (2) 
strain  each  piece  33  per  cent  by  cold  rolling  along  the 
large  faces;  (3)  separately  heat  treat  each  piece  for  one 
hour  at  650°C;  and  (4)  slice  the  2. 5x2. 5x1  inch  pieces 
into  four  equally  sized  specimens.  Specimens  of  a given 
composition  were  heat  treated  together  by  incapsulat ing 
four  at  a time  in  a large  iron  chamber  with  similar  compo- 
sition chips.  This  procedure  was  followed  for  all  heat 
treating  to  prevent  dezincing  and  atmosphere  contamination. 
Separate  specimens  were  then  cold  rolled  and  heat  treated 
varying  amounts,  producing  a broad  range  of  grain  size  at 
each  composition.  In  general,  grain  sizes  were  fairly 
uniform,  and  any  specimen  that  contained  grains  that 
varied  greatly  in  size  was  discarded.  This  resulted  in 
eight  to  twelve  completely  recrystallized  specimens  at 
each  composition. 

2 . 20  Metallographic  Preparation  and  Measurements 
2.21  Polishing  and  Etching 

Polishing  was  done  upon  the  rolled  surface,  giving 
a large  flat  surface  for  metallographic  and  hardness 
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measurements.  The  polishing  procedure  was:  (1)  remove 

sharp  edges  with  a grinder;  (2)  level  the  large  surfaces 
with  a wet  belt  grinder  to  remove  any  irregularities; 

(3)  grind  with  a slowly  rotating  wheel  using  No.  1 abra- 
sive paper  and  kerosene  lubricant;  (4)  hand  grind  using 
No.  s 0,  00,  000  and  0000  abrasive  papers  and  kerosene 
lubricant;  (5)  polish  one  minute  on  a rotating  polishing 
wheel  using  a nylon  cloth,  6 micron  diamond  abrasive,  and 
lapping  oil  lubricant;  and  (6)  finish  polish  for  two 
minutes  using  an  AB  microcloth,  1/4  micron  diamond  abra- 
sive and  lapping  oil. 

Etching  easily  revealed  grain  and  twin  boundaries 
using  five  parts  ammonium  hydroxide,  five  parts  water,  and 
two  to  five  parts  of  3 per  cent  hydrogen  peroxide.  Etching 
was  generally  done  by  swabbing  the  specimen  surface  with 
cotton  soaked  in  etchant.  This  required  from  five  to 
fifteen  seconds  exposure  depending  upon  specimen  grain  size 
and  composition.  In  general,  etching  time  decreased  with 
decreasing  grain  size,  and  increasing  zinc  content. 

2*22  Boundary  Area  Determination 

Grain  and  twin  boundary  area  per  unit  volume  (S^) 
was  determined  by  NL  measurements  (where  NL  is  the  average 
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number  of  grains  and  twin  boundary  intercepts  with  known 
length  test  line).  The  counting  procedure  was:  (1)  ran- 

domly place  a polished  and  etched  specimen  on  the  stage 
of  a Bausch  and  Lomb  research  type  metallograph;  (2) 
project  the  specimen  image  onto  a screen  that  was  marked 
with  two  bisecting  fifteen  centimeter  test  lines;  (3) 
count  test  line  intersections  with  grain  and  twin  bound- 
aries, counting  tangent  intersections  as  one  rather  than 
two  intersections;  (4)  lift  the  specimen,  randomly  rotate 
and  translate  it  to  a new  position  on  the  metallograph 
stage;  and  (5)  repeat  this  procedure  fifteen  times  on  each 
specimen.  Magnification  was  determined  using  the  standard 
formula  for  projection  along  the  metallograph  camera  exten- 
sion (or  where  the  screen  was  placed) . A minimum  number 
of  required  counts  was  obtained  by  increasing  the  number 
from  one  to  eighty  and  observing  the  fluctuations  in  bound- 
ary area  (Sy) . After  fifteen  counts  the  result  was  within 
5 per  cent  of  the  value  obtained  after  eighty  counts. 
Boundary  areas  were  calculated  through  the  quantitative 
metallography  relation  Sv  = 2N^.  Specifically:  Sv  = 2Nl  = 

two  times  the  product  of  the  magnification  and  the  average 
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number  of  boundary  intercepts  per  fifteen  centimeter  test 
line,  divided  by  the  length  of  the  test  line. 

The  intercrystalline  boundary  area  measurement  in- 
cludes both  grain  and  twin  boundaries  counted  at  equal  value. 
If  subboundaries  were  present  in  any  of  the  alloys  they  also 
would  be  included  in  this  measurement,  but  none  were  found. 
The  writer  did  find  that  second  order  annealing  twins  could 
be  distinguished  within  first  order  twins  by  illuminating 
with  polarized  light.  These  second  order  twins  were  found 
only  in  alloy  compositions  from  copper  to  80-20  copper-zinc. 
Therefore,  these  alloys  were  measured  for  N-^  using  both 
bright  field  and  polarized  light  illumination.  The  second 
order  twins  did  add  to  the  value  of  Ml  and  were  therefore 
included  in  the  boundary  area  measurements. 

To  ascertain  the  regularity  of  grain  size  through- 
out the  specimens,  a check  was  made  of  boundary  area 
measurements  on  transverse  sections.  No  appreciable  change 
was  found  on  the  cross  section  as  long  as  the  specimens 
were  completely  recrystallized. 

2 . 30  Brinell  Hardness  Measurements 

2 . 31  Hardness  at  Room  Temperature 

Hardness  impressions  were  made  at  room  temperature 
with  a Model  UK  300-T  Brinell  hardness  tester  using  a 500 
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kilogram  load,  10  millimeters  in  diameter  hardened  steel 
ball,  and  a 30  second  test  time  (500/10/30).  Four  im- 
pressions were  located  at  equal  distances  from  the  speci- 
men corners  along  the  diagonals  of  the  large  polished 
surface.  The  diameter  of  each  impression  was  measured 
using  a calibrated  Bausch  and  Lomb  20x  microscope.  With 
this  microscope  it  was  possible  to  measure  0.02  milli- 
meters accurately.  Three  diameters,  separated  at  60 
degree  intervals  were  averaged  for  each  impression  and 
the  four  impressions  were  finally  averaged  for  each 
specimen.  Brinell  Hardness  Numbers  were  obtained  from 
standard  tables.  A standard  brass  test  block  was 
checked  before  and  after  all  hardness  testing,  showing 
no  machine  error. 

Some  interest  was  generated  in  the  hardness  along 
surfaces  other  than  the  rolling  plane.  Therefore  a check 
was  made  along  several  cuts  placed  at  90  degrees  to  the 
rolling  plane.  Transverse  and  rolling  plane  hardness 
measurements  were  in  agreement. 
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2 . 32  Hardness  at  77,  293,  573,  and  873°K 

Four  specimens  spanning  the  grain  size  range  avail- 
able at  each  composition  were  chosen  for  testing  at  temper- 
atures other  than  room  temperature.  Brinell  Hardness  Number 
was  obtained  from  a single  hardness  impression  at  each  test 
temperature.  At  77°K,  both  the  specimen  and  indenter  were 
immersed  in  liquid  nitrogen,  using  the  regular  test  condi- 
tions (500/10/30).  Testing  at  higher  temperatures  required 
a specially  rigged  chamber.  This  chamber  contained  the 
specimen,  powdered  graphite,  and  metal  chips  of  the  same 
composition  as  the  specimen.  The  purpose  of  the  graphite 
and  chips  was  to  provide  a protective  atmosphere  during 
the  high  temperature  testing.  The  specimen  was  rigidly 
located  in  the  test  chamber  by  four  set  screws,  and  rested 
on  the  bottom  of  the  chamber.  This  accurately  located 
the  specimen  with  respect  to  the  indenter  axis  and  held  it 
in  place  during  the  test.  The  complete  chamber,  including 
the  indenter  was  heated  to  test  temperature,  placed  in  the 
Brinell  machine  for  testing,  then  naturally  cooled  to  room 
temperature.  Extensive  pretest  investigations  were  run  to 
determine  the  correct  heat  up  and  test  time.  Twenty 
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minutes  was  found  to  be  an  acceptable  heat  up  time  at  both 
of  the  elevated  temperatures.  At  573°K,  hardness  test 
conditions  were  (500/10/30),  while  at  873°K  the  test  time 
was  reduced  to  three  seconds  (500/10/3).  The  reduced  time 
at  873°K  was  to  prevent  the  indent er  from  sinking  below 
one-half  of  the  ball  diameter.  After  all  of  the  high 
temperature  testing  was  complete,  a final  hardness  test 
was  made  at  room  temperature  to  ascertain  how  much  the 
specimen  had  changed  during  these  tests.  The  final  room 
temperature  hardness  was  almost  the  same  as  the  hardness 
before  the  high  temperature  tests.  The  reason  for  this 
was  :(1)  that  the  original  grain  structure  was  completely 
recrystallized  and  therefore  had  changed  very  little  during 
the  tests,  and  (2)  that  very  little  specimen  contamination 
had  taken  place.  Specimen  histories,  boundary  areas,  and 
hardnesses  are  summarized  in  Tables  II  through  IX. 

2.40  Meyer  Hardness  Measurements 

2.41  Hardness  at  500  Kilograms  Load 

Meyer  Hardness  Number  is  expressed  as  the  load  per 
projected  indentation  surface  area  rather  than  the  load 
per  curved  surface  area  used  in  the  Brinell  Hardness  Number 
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Thus,  all  of  the  Brinell  hardness  data  at  500  kilograms 
load  could  be  converted  easily  to  Meyer  hardnesses  by 
a simple  calculation.  This  was  done,  and,  as  was  men- 
tioned earlier,  the  results  were  within  1 per  cent. 
Therefore,  a general  presentation  of  these  data  at  all 
alpha  brass  alloy  compositions  is  not  included. 

2.42  Hardness  at  1000  Kilograms  Load 

The  Meyer  analysis  of  the  load  versus  impression 
diameter  relationship  requires  hardness  tests  at  at  least 
two  different  loads.  Therefore  the  writer  decided  to 
measure  Meyer  hardness  using  a 1000  kilogram  load,  10 
millimeters  in  diameter  ball,  and  30  second  test  time 
(1000/10/30).  The  only  materials  available  for  this  in- 
vestigation were  the  previously  described  Brinell  hardness 
specimens.  Since  four  of  the  eight  to  twelve  available 
specimens  were  already  in  use  for  the  elevated  temperature 
investigation,  the  range  of  boundary  area  was  narrow  and 
not  always  the  same.  This  later  proved  to  be  a limiting 
condition  in  the  use  of  this  analysis.  Also,  to  cut  down 
on  the  number  of  tests,  and  to  best  utilize  the  available 
specimens,  compositions  of  5,  15,  25,  and  35  w/o  zinc 
were  selected  for  this  survey. 
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Hardness  impressions  were  made  with  the  Model 
UK300-T  Brinell  hardness  tester.  The  impressions  were 
placed  along  the  large  surface  of  the  specimens,  using  a 
single  impression  to  determine  each  hardness  number.  It 
was  impossible  to  make  more  than  one  indentation  at  1000 
kilograms  because  of  the  limited  specimen  surface  area. 
Care  was  taken  to  make  sure  that  the  specimens  were  thick 
enough  to  prevent  any  anvil  effect.  Impression  diameters 
were  measured  by  the  same  method  as  was  previously  ex- 
plained for  the  Brinell  tests.  No  standard  tables  were 
available  for  the  Meyer  Hardness  Numbers,  so  all  numbers 
were  calculated  using  the  Meyer  formula  MHN  = 4L/-rrd^, 
where  L = load  in  kilograms,  and  d = chordal  diameter  of 
the  hardness  impression  in  millimeters. 

2.43  Meyer  Pretest  Hardness  and  Strain  Hardening 
Coefficient 

The  Meyer  formula  L = kdn  is  easily  analyzed  for 
k and  n by  expanding  in  terms  of  logarithms,  that  is, 
log  = log  k + n log  d.  Log  L is  then  plotted  versus  log 
d which  gives  the  value  of  log  k and  n as  the  intercept 
and  slope  respectively.  The  load  k is  converted  to 
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pretest  hardness  (MHN)^  by  dividing  k by  the  constant  pro- 
jected area  when  d equals  one  millimeter.  Therefore,  pretest 
hardness  (MHN)^  is  always  proportional  to  the  load  k because 
the  impression  area  is  constant.  The  strain  hardening 
coefficient  (n)  is  taken  directly  from  the  log  L versus 
log  d relationship  without  any  conversions. 

2.44  Strain  Sensitivity  Limit  of  Boundary  Area 

Another  measurement  taken  from  the  log  L versus 
log  d graphs  is  the  value  of  load  and  diameter  where  the 
various  boundary  area  relationships  merge  to  a single  line. 
This  value  is  interpreted  as  a measure  of  the  amount  of 
deformation  required  to  cause  the  mechanical  effects  of 
grain  size  to  be  unrecognizable  in  a hardness  test.  This 
material  state  is  often  called  the  fully  hard  condition. 

This  value  of  load  and  diameter  is  converted  to  a Meyer 
Hardness  Number  (MHN)l  so  that  comparisons  can  be  made 
between  alloy  compositions. 

Meyer  Hardness  Number  at  500  and  1000  kilogram 
loads  (MHN^oo  and  (MHN)-^qqq,  pretest  hardness  number 
(MHN)^-,  strain  hardening  coefficient  (n)  , and  the  strain 
sensitivity  limit  of  boundary  area  (MHN)l  are  summarized 


in  Table  X. 


Hardnesses  and  Strain  Hardening  Coefficients  for  Recrystallized  Alpha 
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2 . 50  Vickers  Microhardness 

Microhardness  measurements  were  made  on  several 
series  of  alpha  brass  specimens.  All  testing  was  done  at 
room  temperature  using  a Vickers  136  degree  diamond  pyramid 
indenter,  50  gram  test  load,  30  second  test  time,  and  always 
indenting  on  a polished  and  etched  surface.  The  microhard- 
ness tester  was  a Kentron.  A certified  brass  microhardness 
test  block  was  checked  before  and  after  all  testing  and 
showed  no  machine  error. 

2 . 51  Grain  Center  Measurements  on  Annealed  Alloys 

The  first  series  of  microhardness  tests  consisted 
of  measurements  on  large  grain  size  specimens  of  completely 
recrystallized  alpha  brass.  These  measurements  were  made 
by  selectively  placing  microhardness  impressions  in  the 
center  of  twenty-five  grains  at  each  composition.  Care 
was  taken  to  choose  grains  of  approximately  the  same  size 
for  all  tests.  The  reason  for  testing  so  many  grain  centers 
at  each  composition  was  so  that  the  average  microhardness 
number  would  eliminate  the  crystal  anisotropy. 


48 


2*52  Grain  Center  and  Grain  Boundary  Comparisons 
on  Annealed  Alloys 

Another  series  of  microhardness  measurements  was 
made  to  compare  grain  centers  and  grain  boundaries  for  the 
5,  15,  25,  and  35  w/o  zinc  alloys  of  alpha  brass.  Micro- 
hardness  impressions  were  made  along  twenty-five  grain  and 
twin  boundaries,  and  also  at  the  center  of  twenty-five 
grains.  These  specimens  were  not  the  same  ones  used  in 
the  previous  microhardness  survey,  but  were  similar  in  that 
they  were  also  completely  recrystallized  and  of  a large 
grain  size.  The  microhardness  impressions  at  the  grain 
and  twin  boundaries  were  located  directly  over  the  boundary 
traces  on  the  polished  and  lightly  etched  specimen  surface. 

2*^3  Grain  Center  and  Grain  Boundary  Comparisons  on 
Strained  Alloys 

To  extend  the  microhardness  survey  beyond  the  ana- 
lysis of  completely  recrystallized  alloys,  the  writer 
decided  to  make  microhardness  measurements  on  a series 
of  strained  alloys  in  hope  that  a comparison  of  grain 
centers  and  grain  boundaries  might  correlate  with  results 
from  Brinell  hardness  measurements.  The  alloys  studied 
were  the  previously  investigated  compositions  of  5,  15, 
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25,  and  35  w/o  zinc.  To  strain  the  test  material,  a 
Brinell  impression  (500/10/30)  was  placed  in  the  center 
of  the  large  square  polished  surface  at  each  composition. 
Microhardness  impressions  were  then  placed  at  grain  centers 
and  grain  and  twin  boundaries  along  the  diagonals  of  the 
specimen  surface,  locating  each  impression  with  respect 
to  the  edge  of  the  Brinell  impression.  The  purpose  of  this 
particular  test  procedure  was  two -fold:  (1)  to  check  the 

relative  microhardness  of  grain  centers  and  boundaries  on 
strained  alloys,  and  (2)  to  check  the  distance  that  the 
disturbed  or  strained  condition  extended  along  the  recry- 
stallized specimens'  surface. 

Microhardness  measurements  are  summarized  for  all 


of  the  above  mentioned  tests  in  Table  XI. 
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TABLE  XI 


Vickers  Microhardness  Measurements  on  Recrystallized 
and  Strained  Alloys  of  Alpha  Brass 


Specimen S^  VHN(kg/mm2) 

(cm^/cm^)  Recrystallized  Strained 

Av.of  25  Av.of  25  Av.of  25  Av.of  25 
grain  grain  grain  grain 

centers  boundaries  centers  boundaries 


100-5 

286.4 

51.9 

95-10 

284.2 

53.5 

95-A 

227.0 

55.4 

90-14 

218.5 

69.9 

85-13 

310.9 

77.4 

85-B 

184.0 

64.2 

80-13 

158.4 

65.1 

75-11 

374.8 

82.0 

75-C 

278.0 

65.2 

70-14 

126.8 

78.7 

65-13 

316.4 

79.4 

65-D 

266.0 

67.5 

56.6 

56.2 

57.2 

66.9 

66.7 

65.7 

65.5 

69.1 

67.6 

67.7 

69.8 

69.7 

CHAPTER  III 


EXPERIMENTAL  RESULTS 

3.10  Brinell  Hardness  Versus  Boundary  Area  Relationships 

Brinell  Hardness  Number  is  linearly  related  to 
boundary  area  over  a temperature  range  of  at  least  77  - 
873°K,  throughout  the  alpha  solubility  limits  of  the 
copper -zinc  system,  Figures  1 through  8. 

The  linear  relationship  between  hardness  and  bound- 
ary area  can  be  expressed  by  the  equation  y = mx  + b where 
y = BHN,  x = boundary  area,  m = slope, and  b =■  intercept  at 
zero  boundary  area.  The  intercept  at  zero  boundary  area 
(b)  is  the  hardness  without  grain  or  twin  boundaries  and 
is  interpreted  as  being  equivalent  to  that  of  a single 
crystal  hardness  that  is  averaged  over  all  crystal  orienta- 
tions. The  hardness  contribution  of  boundary  area  is  obtain- 
ed by  subtracting  the  average  single  crystal  hardness  from 
polycrystalline  hardness.  Thus,  a measure  of  the  boundary 
area  hardness  contribution' is  the  slope  Cm)  of  the  hardness 
versus  boundary  area  relationship.  These  separations  are 
shown  schematically  in  Figure  9.  It  must  be  emphasized 
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here  that  hardnesses  measured  at  the  same  high  value  of 
boundary  area  (polycrystalline  hardness)  and  the  slopes 
of  the  hardness  versus  boundary  area  relationships  would 
show  the  same  relative  behavior  as  a function  of  composition, 
although  there  is  a difference  in  what  they  measure.  The 
slope  measures  the  hardness  contribution  of  the  boundary 
area  per  se,  while  the  polycrystalline  hardness  is  the 
sum  of  the  average  crystal  and  crystal  boundary  ; hardness 
contributions . 

3.11  Brinell  Hardness  at  Zero  Boundary  Area 
Average  crystal  hardness  is  relatively  insensitive 

to  zinc  concentration,  with  each  alloy  showing  a regular 
hardness  decrease  with  increasing  temperature,  Figure  10. 

The  shape  of  each  average  crystal  hardness-composition 
relationship  is  also  important  and  will  be  considered  in 
detail  in  the  discussion. 

3.12  Contribution  of  Boundary  Area  to  Brinell 
Hardness 

Boundary  area  contribution  to  hardness  at  77  and 
293°K  increases  slowly  up  to  about  15  w/o  zinc,  then  rises 
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to  a maximum  at  25-30  w/o  zinc.  At  573°K,  the  maximum 
hardness  contribution  at  25-30  w/o  zinc  decreases,  com- 
pletely disappearing  at  S73°K,  Figure  11. 

3.20  Meyer  Hardness 

In  the  Meyer  analysis  of  1903,  both  the  pretest 
hardness  (MHN)^  and  the  strain  hardening  coefficient  (n) 
were  considered  to  be  constants  that  depended  only  upon 
(1)  the  type  of  material,  and  (2)  the  physical  condition 
of  the  material.  The  writer  found  that  both  of  these 
parameters  were  sensitive  to  boundary  area  in  alpha  brass. 
To  show  this,  a typical  set  of  experimental  data  from  a 
15  w/o  zinc  alpha  brass  alloy  and  Meyer's  formula  relating 
load  and  diameter  are  presented  in  Figure  12.  Referring 
to  Figure  12,  note  that  a linear  relationship  is  determined 
at  each  boundary  area,  and  that  the  slope  decreases  with 
increasing  boundary  area. 

3.21  Meyer  Hardness  Versus  Boundary  Area  of  1000 
Kilogram  Load 

The  Meyer  Hardness  Numbers  measured  at  1000  kilo- 
grams loads  were  directly  proportional  to  boundary  area 
at  all  compositions  of  alpha  brass  tested  in  the  Meyer 
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log  d 

L = kdn 
L = load  in  kg 

d = diameter  of  impression  (mm) 
k = load  in  kg  when  d = 1mm 
n = strain  hardening  coefficient 


Figure  12.  Meyer  equation  relating  load  and 
impression  diameter,  and  a log 
load  versus  log  diameter  graph 
for  several  different  boundary  area 
specimens  of  15  w/o  zinc  alpha; 
brass 


analysis.  Although  the  hardness  numbers  were  higher,  a 
comparison  of  crystal  and  crystal  boundary  hardness  con- 
tributions as  a function  of  alloy  composition,  shows  the 
same  results  as  obtained  at  the  500  kilogram  loads.  These 
data  are  summarized  in  Table  X. 

3.22  Meyer  Pretest  Hardness 

Figure  13  shows  the  change  in  Meyer  pretest  hard- 
ness (MHN)k  with  boundary  area  for  the  5,  15,  25,  and  35 
w/o  zinc  alloys  of  alpha  brass.  The  change  in  (MHN)k  with 
boundary  area  appears  to  be  highest  for  35  w/o  zinc,  show- 
ing a steady  and  regular  decrease  with  decreasing  zinc 
content.  The  range  of  boundary  area  sampled  in  these  tests 
becomes  very  important  in  these  results  in  that  it  limits 
comprehensive  comparisons  between  alloys. 

3.23  Meyer  Strain  Hardening  Coefficient 

The  Meyer  coefficient  of  strain  hardening  (n)  is 
plotted  as  a function  of  boundary  area  in  Figure  14  for 
the  5,  15,  25,  and  35  w/o  zinc  alloys  of  alpha  brass. 
Comparing  compositions,  note  that  for  the  25  w/o  zinc 
alloys  of  alpha  brass,  n is  larger  at  high  values  of 
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SyXlO  (cm^/cm3) 

Figure  13.  Meyer  pretest  hardness  versus  grain  plus  twin  boundary  area  for 
the  5,  15,  25,  and  35  w/o  zinc  compositions  of  alpha  brass 
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boundary  area  and  smaller  at  low  values  of  boundary  area. 
Also,  the  slope  of  the  n versus  boundary  area  relationship 
is  smallest  for  the  25  w/o  zinc  compositions. 

^ i 24  Meyer  Strain  'Sensitivity  Limit  of  Boundary  Area 
Meyer  log  L versus  log  d diagrams  are  plotted  for 
the  5,  15,  25,  and  35  w/o  zinc  alloy  compositions  and  all 
boundary  areas  are  tested  in  the  current  Meyer  analysis  in 
Figure  15,  part  (a)  through  part  (d) . The  important  point 
to  be  made  with  these  diagrams  is  that  the  value  of  load 
and  diameter  where  all  of  the  boundary  area  lines  merge 
is  highest  for  the  25  w/o  zinc  alloy.  Specific  numbers 
for  (MHN)l  were  included  in  Table  X. 

3 . 30  Vickers  Microhardness 

3.31  Grain  Center  Microhardness  Measurements  on 
Annealed  Alloys 

Figure  16  shows  a plot  of  average  microhardness 
number  as  a function  of  zinc  content  in  recrystallized  alpha 
brass.  The  average  microhardness  measurements  for  grain 
centers  are  relatively  insensitive  to  alloy  composition, 
showing  a slight  increase  with  increasing  zinc  content. 


5 w/o  zinc  5 [ 15  w/o'zinc 
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Figure  15.  Meyer  log  load  versus  log  diameter  graphs  for  all  of  the  different 
specimens  of  5,  15,  25  and  35  w/o  zinc  alpha  brass 
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3.32  Grain  Center  and  Grain  Boundary  Microhardness 
Comparisons  on  Annealed  Alloys 

Average  microhardness  numbers  of  both  grain  centers 
and  boundaries  are  compared  for  the  5,  15,  25,  and  35  w/o 
zinc  alpha  brass  alloys  in  Figure  17.  The  average  micro- 
hardness  number  increase  of  the  boundary  (shown  by  the  x's) 
over  the  grain  center  is  small,  approximately  4 per  cent, 
and  constant  at  all  compositions.  The  grain. center  measure- 
ments collected  in  this  survey  were  found  to  be  in  good 
agreement  with  the  previous  grain  center  measurements  when 
similar  compositions  are  compared. 

3.33  Grain  Center  and  Boundary7  Microhardness  Com- 
parisons on  Strained  Alloys 

Microhardness  numbers  for  the  5,  15,  25,  and  35 
w/o  zinc  alpha  brass  alloys  are  plotted  versus  distance 
from  the  Brinell  impression  perimeter  for  both  grain 
centers  and  boundaries  in  Figure  18.  The  x's 
represent  the  boundary  and  the  dots  represent  the  grain 
centers  measurements.  Several  trends  can  be  read  from  this 
data,  but  in  general,  the  broad  scatter  band  precludes  any 
complete  analysis.  The  results  worth  mentioning  are: 

Cl)  the  average  microhardness  number  is  approximately  the 


/ o 


Figure  17.  Average  microhardness  number  versus 

zinc  concentration  for  grain  centers 
and  boundaries  annealed  in  alpha  brass 
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same  at  each  composition  when  annealed  and  strained  con- 
ditions are  compared,  (2)  both  the  grain  center  and  grain 
boundary  microhardness  show  an  increase  with  the  amount  of 
strain  present,  and  (3)  the 'microhardness  does  increase  near 
the  edge  of  the  Brinell  impression  but  the  magnitude  of  the 
increase  and  the  distance  of  strain  influence  along  the 
specimen  surface  could  not  be  meaningfully  measured  be- 
cause of  experimental  scatter  in  the  data. 


CHAPTER  IV 


DISCUSSION 

The  primary  objective  of  this  research  has  been 
to  discover  what  it  is  about  fine  grained  materials  that 
makes  them  harder  and  stronger  than  coarse  grained 
materials.  It  has  been  deduced  through  information  in 
the  literature,  as  will  be  demonstrated  presently,  that 
only  the  plastic  and  not  the  elastic  responses  of  metals 
to  a deforming  force  is  sensitive  to  grain  size.  Some 
investigators  have  chosen  to  correlate  what  they  imagine 
to  be  a measure  of  the  grain  diameter  with  mechanical 
properties,  while  others  have  used  the  grain  surface  area 
in  this  correlation.  Either  approach  leads  to  a qualita- 
tively similar  result.  An  analysis  of  the  geometry  of 
the  measurements,  however,  shows  that  the  most  frequently 
used  schemes  for  measuring  either  "grain  diameter"  or 
grain  boundary  area,  were  in  fact,  measurements  for  some 
property  of  the  grain  boundary  as  a surface.  Recent 
developments  in  quantitative  metallography  have  made 
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it  possible  to  measure  grain  boundary  area  with  great 
precision.  Since  this  parameter  can  be  defined  exactly, 
and  since  it  does  show  lineal  correlation  with  hardness, 
the  objective  of  this  research  has  been  focused  upon  the 
explanation  of  the  resistance  to  indentation  (as  in  a 
hardness  test)  as  a function  of  intercrystalline  bound- 
ary area. 

A survey  of  the  alpha  alloys  of  the  system  copper- 
zinc  has  brought  forth  the  observation  that  the  hardness 
of  fine  grained  alloys  maximizes  sharply  near  25  w/o  zinc. 
The  same  is  not  true  of  the  copper-zinc  series  when  grain 
boundaries  are  absent,  so  that  it  is  apparent  that  there  is 
something  about  the  interaction  of  the  hardness  indent  with 
gram  boundaries  of  25  w/o  zinc  that  is  different  from  the 
reaction  at  other  compositions.  This  is  particularly 
interesting  because  it  offers  an  opportunity  to  gain  insight 
into  the  fundamental  reason  for  grain  boundary  hardening 
by/,  finding  what  structural  feature  of  the  25  w/o  zinc 
alloy  may  be  unique  with  respect  to  the  copper-zinc  series. 
Of  all  the  properties  of  a crystal  that  have  been  investi- 
gated m this  composition  range,  and  the  copper-zinc  alloys 
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have  been  investigated  more  completely  than  almost 
other  alloy  series  in  the  field  of  physical  metallurgy, 
the  single  property  of  stacking  fault  energy  is  alone 
unique  at  this  composition.  The  stacking  fault  energy 
for  the  25  w/o  zinc  alloy  is  considerably  lower  than 
that  for  alloys  containing  more  or  less  zinc. 

Since  the  material  response  to  a hardness  test 
which  is  sensitive  to  grain  boundaries  is  necessarily 
plastic,  attention  must  be  directed  to  the  manner  by  which 
dislocation  shear  passes  from  one  crystal  to  the  next 
through  the  grain  boundary.  It  has  been  found  that  such 
passage  involves  a change  in  both  the  area  and  the  angular 
dimension  of  the  grain  boundary.  Each  of  the  two  crystals 
must  participate  so  as  to  remain  coherent  as  the  dimension 
change  occurs.  Simple  dislocations  arriving  at  the  grain 
boundary  result  in  a shape  change  in  the  contributing 
grain  which  must  be  matched  by  a corresponding  shape 

change  by  the  generation  and  transmission  of  new  dislocations 
in  the  receiving  grain. 

When  stacking  faults  occur  the  dislocations  are 
split  into  partials  that  travel 


separately  across  the 
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crystal  plane.  A partial  dislocation  arriving  at  the 
grain  boundary  results  in  only  an  elastic  deformation 
at  the  boundary,  until  its  matching  component  arrives. 

Thus  in  the  presence  of  stacking  faults,  there  is  intro- 
duced an  elastic  resistance  superimposed  on  the  resistance 
of  plastic  flow  of  the  dislocation  into  the  boundary.  The 
lower  the  stacking  fault  energy,  the  greater  the  separation 
of  the  halves  of  the  split  dislocations,  and  the  more 
prominent  is  the  elastic  component  of  the  resistance  to 
plastic  deformation.  Thereby,  a low  stacking  fault  energy 
for  the  25  w/o  zinc  alloy  leads  to  a high  intercrystalline 
boundary  hardening  effect. 

A more  detailed  analysis  of  this  process  must  begin 
with  a more  complete  consideration  of  the  nature  of  the 
deformation  that  takes  place  in  indentation  hardness 
testing. 

4.10  Indentation  Hardness  Measurements  on  Alpha  Brass 

To  better  explain  hardness  measurements,  they  will 
first  be  analyzed  at  a given  alloy  composition. 
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4.11  Hardness  at  a Given  Composition 

In  the  present  research,  it  has  been  shown  that 
the  relationship  between  Brinell  hardness  and  inter- 
crystalline boundary  area  provides  a method  whereby 
the  hardness  contributions  of  the  crystal  and  crystal 
boundaries  can  be  separated.  Although  the  intercrystal- 
line boundary  contribution  to  hardness  is  really  to  be 
associated  with  simply  a change  in  deformation  across 
the  interface,  for  discussion  purposes,  this  phenomenon 
will  be  referred  to  as  the  intercrystalline  boundary 
contribution  to  hardness  per  se.  In  other  words,  in  this 
discussion,  a polycrystal's  hardness  will  be  divided  into 
parts,  one  part  relating  to  the  average  crystal  hardness 
(BHN)q,  and  the  other  part  relating  to  the  crystal  bound- 
ary contribution  to  hardness  (BHN)B.  Therefore,  if  a 
normal  polycrystalline  hardness  number  was  determined  at 
a given  value  of  boundary  area,  suppose  2000  cm2/cm3,  and 
expressed  as  (BHN)p , an  equation  relating  these  measure- 
ments would  be: 


(BHN)p  = (BHN)q  + (BHN)b 


Cl) 
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Although  these  two  parts,  (BHN)0  and  (BHN)B,  constitute 
the  total  of  a polycrystal’s  hardness,  they  do  not  by 
themselves  give  any  information  about  the  various  elastic 
and  plastic  responses  of  the  test  material. 

Harris  (1922)  introduced  the  strainless  hardness 
number  (BHN)S , which  measures  a true  elastic  limit,  or  in 
other  words,  an  elastic  response  per  se.  Since  a normal 
hardness  number  is  composed  of  both  an  elastic  ard  plastic 
response,  the  plastic  response  (BHN)W  could  be  obtained 
by  subtracting  the  elastic  response  (BHN)S  from  a normal 
hardness  number.  The  plastic  response  (BHN)W  is  also 
referred  to  as  the  strain  hardening  contribution  to  a 
hardness  number.  It  it  is  assumed  that  Harris’s  (1922) 
strainless  hardness  (BHN)S  is  a finite  part  of  (BHN)p, 
and  thus  a finite  part  of  both  (BHN)Q  and  (BHN)b,  equa- 
tion (1)  could  be  expanded  to  give: 

(BHN)p  - (BHN)0  +(BHN)b  = [(BHN)S]  q + [(BHN)S]  B 

+ [CBHN)W]  B + [CBHN)W]0  (2) 

where: 

[(BHN)S]0  an  average  true  elastic  limit  of  a crystal 
[(BHN)s]b  = an  average  true  elastic  limit  of  a crystal 
boundary 
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[(BHN)w]o  - an  average  strain  hardening  contribution  of 
a crystal 

PHN)W]  b = an  average  strain  hardening  contribution  of 
a crystal  boundary 

Equation  (2)  expresses  a straight  forward  approach  to  the 
crystal  and  crystal  boundary  response  to  elastic  arri 
plastic  deformation  where  it  is  assumed  that  both  provide 
a finite  and  distinguishable  resistance  to  deformation. 

In  alpha  brass,  it  appears  that  the  elastic  response  of 
the  material  is  completely  independent  of  crystal  size. 
Intuitively,  the  reason  for  such  a condition  is  that  the 
elastic  properties  of  alpha  brass  are  isotropic  and  there- 
fore have  no  sensitivity  to  crystal  boundaries,  which  are 
seen  only  as  differences  in  crystal  orientation,  while  the 
plastic  properties  are  anisotropic  (sensitive  to  crystal 
planes)  and  therefore  feel  the  orientation  differences  at 
crystal  boundaries. 

Some  support  for  such  thoughts  is  found  in  common 
stress  versus  strain  curves  from  polycrystalline  materials. 
For  instance,  if  several  specimens  of  70-30  copper-zinc 
were  tested  in  tension,  and  each  specimen  had  a different 
grain  size,  the  resulting  stress-strain 


curves  would  be 
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similar  to  those  shown  in  Figure  19.  The  stress-strain 
curves  shown  in  Figure  19  were  taken  from  Holloman  (1945) . 
During  the  early  stage  of  deformation,  when  all  of  the 
specimens  are  truly  elastic,  the  curves  lie  on  top  of  one 
another  showing  that  the  effect  of  grain  size  is  negligible. 
Larger  strains  induce  plastic  deformation  whereupon  the 
material  of  finer  grain  size  displays  more  resistance  to 
deformation.  The  result  of  all  this  is  that  [(BHN)s]b~o, 
which  reduces  equation  (2)  to  equation  (3): 

(BHN)p  = (BHN)0+  (BHN)b=[(BHN)s]  q+  f(BHN)w]  Q+  [(BHN)W]  b (3) 

This  information  is  shown  schematically  in  Figure  20,  where 
Brinell  hardness  is  plotted  as  a function  of  boundary  area 
for  any  given  composition  of  alpha  brass. 

The  result  that  the  elastic  response  of  the  grain 
boundary  [(BHN)s]b  is  negligible  in  the  deformation  of 
polycrystalline  aggregates  leads  to  two  important  con- 
clusions: (1)  the  magnitude  of  the  strainless  hardness 

(BHN)S  remains  almost  the  same  at  all  values  of  boundary 
area  (or  grain  size) , and  (2)  the  contribution  of  the 
crystal  boundary  to  the  magnitude  of  a hardness  number 
depends  upon  an  interaction  between  plastic  deformation 
and  the  crystal  boundary. 


85 


Figure  19.  Tensile  stress  versus  strain  curves 
for  different  grain  size  specimens 
of  70-30  copper-zinc.  Taken  from  the 
investigation  of  Hollomon  (1945). 
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contributions  that  make  up  a polycrystalline 
hardness  number 
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4.12  Hardness  as  a Function  of  Composition 

Indentation  hardness  measurements  obtained  from 
fine  grained  polycrystalline  alloys  of  alpha  brass  show  a 
pronounced  hardness  maximum  at  approximately  the  25  w/o 
zinc  composition.  In  order  to  analyze  this  maximum  in 
hardness,  it  is  necessary  to  plot  polycrystalline  hardness 
(BHN)p,  average  crystal  hardness  (BHN)Q,and  Harris's  (1S22) 
strainless  hardness  (BHN)S  on  a single  set  of  axes.  These 
hardnesses  are  all  shown  in  Figure  21  where  Harris's  (1922) 
strainless  hardness  (BHN)S  (the  lower  relationship),  average 
crystal  hardness  (BHN)0  (the  middle  relationship),  and  fin- 
ally the  polycrystalline  hardness  at  a constant  boundary 
area  of  2000  cm^/cm^,  are  plotted  as  a function  of  zinc 
concentration  in  alpha  brass.  (BHN)S  is  a measure  of  the 
true  elastic  limit  and  therefore  comprises  only  part  of  a 
normal  hardness  number.  (BHN)Q  is  a measure  of  the  true 
elastic  limit  plus  the  strain  hardening  contribution  of  the 
hardness  number  of  an  average  aggregate  grain  (without 
crystal  boundaries).  (BHN)p  is  a measure  of  the  true 
elastic  limit  and  the  strain  hardening  contribution  to  the 
hardness  number  of  an  average  aggregate  grain  and  a specified 
area  of  intercrystalline  boundary  area.  Note  that,  as  a 


(kg/mm  ‘ 


O = (BHN)q  = average  crystal  hardness 


Zinc  Concentration  (w/o  zinc) 

Figure  21.  A comparison  of  Harris’s  (1922)  strain  hard- 
ness, average  crystal  hardness,  and  poly- 
crystalline hardness  as  a function  of  zinc 
concentration  in  alpha  brass 
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function  of  composition,  the  (BHN)S  and  (BHN)Q  measurements 
are  separated  by  a relatively  constant  hardness  number, 
whereas  (BHN)p  shows  an  irregular  separation  when  compared 
to  either  (BHN) s or  (BHN)0.  The  increase  of  (BHN)P  above 
(BHN)0  is  the  hardness  contribution  of  the  boundary  area 
per  se.  Thus,  it  is  the  boundary  area  contribution  to 
hardness  that  produces  the  maximum  in  the  polycrystalline 
hardness  number  at  25  w/o  zinc.  Since  the  total  elastic 
response  of  the  material  (crystal  and  crystal  boundary)  is 
contained  in  (BHN)S,  any  part  that  is  above  this  measure- 
ment is  to  be  associated  with  plastic  deformation.  Still 
further,  since  (BHN)Q  is  regularly  related  to  (BHN)S  while 
(BHN)p  is  irregular  to  both  (BHN)S  and  (BHN)q,  the  poly- 
crystalline hardness  maximum  is  to  be  associated  with  an 
interaction  between  intercrystalline  boundaries  and  plastic 
deformation  per  se. 

4.20  Dislocations  in  Plastically  Deformed  Alpha  Brass 

The  current  metallurgical  literature  shows  that 
alpha  brass  is  subject  to  stacking  faults,  which  are  planar 
regions  that  separate  pairs  of  partial  dislocations.  When 
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the  energy  required  to  produce  a stacking  fault  is  small, 
the  partial  dislocations,  one  at  each  edge  of  the  stacking 
fault,  may  be  spread  far  apart.  The  energy  for  the  stack- 
ing fault  formation  (called  stacking  fault  energy)  has  in 
general  been  found  to  diminish  rapidly  with  zinc  content 
throughout  a large  portion  of  the  composition  range  of 
alpha  brass,  and  in  fact,  the  recent  measurements  of 
Thomas  (1963)  show  a pronounced  minimum  of  approximately 
25  w/o  zinc,  Figure  22. 

Alpha  brass  has  also  been  found  subject  to  short 
range  ordering.  The  occurrence  of  such  ordering  begins  at 
zinc  concentrations  of  about  20  w/o  zinc  and  increases 
quadratically  to  the  limit  of  the  alpha  field  at  about  39 
w/o  zinc.  Although  Keating  (1954)  suspected  the  existence 
of  long  range  ordering  at  25  A/o  zinc,  and  a critical  temp- 
erature of  95°C , Koster  and  Schule  (1957)  and  Clarebrough, 
Hargreaves,  and  Loretto  (1961)  have  not  been  able  to  con- 
firm this  suspicion. 

The  existence  of  short  range  order  tends  to  in- 
crease the  stacking  fault  energy  at  alpha  brass  composi- 
tions with  zinc  contents  higher  than  30  w/o  zinc. 
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Figure  22.  Apparent  stacking  fault  energies  versus  zinc  concentration 

in  slow  cooled  and  quenched  alpha  brass  alloys,  Thomas  (1963) 


Thomas  (1963)  explains  that  the  minimum  in  stacking  fault 
energy  is  to  be  associated  with  a reversal  of  the  trend  to 
lower  fault  energy  at  higher  zinc  contents  as  the  counter 
effect  of  short  range  ordering  that  becomes  significant  at 
about  this  composition.  Although  Thomas  (1963)  has  been 
able  to  show  a correlation  between  atomic  order  and  stack - 
ing  fault  energy,  he  has  not  speculated  on  the  interaction 
mechanism.  The  writer  suggests  that  one  possibility  is  an 
interaction  of  the  leading  partial  dislocation  with  short 
range  order  which  causes  the  stacking  fault  regions  to 
become  narrower.  This  type  of  idea  was  previously  ex- 
pressed by  Fisher  (1954)  and  Flinn  (1960) , for  the  inter- 
action of  total  dislocations  with  zones  of  atomic  ordering, 
and  most  certainly  is  applicable  to  the  partial  dislocation- 
atomic  ordering  interaction.  Thus,  the  more  order  present, 
the  narrower  the  faults,  and  correspondingly  the  higher  the 
stacking  fault  energy. 

Verification  of  the  dependence  of  stacking  fault 
widths  upon  alloy  composition  in  alpha  brass  is  found  in 
the  investigations  of  Swann  and  Nutting  (1962),  Thomas 
(1963),  and  Bell,  Roser,  and  Thomas  (1964).  They  show 
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that  stacking  fault  widths  and  three-dimensional  disloca- 
tion arrangements  can  be  separated  into  three  distinct 
regions:  (1)  from  pure  copper  out  to  about  20  w/o  zinc 

they  find  very  narrow  or  non-existent  stacking  faults 
arranged  in  the  form  of  cellular  networks, (2)  from  20  to 
30  w/o  zinc,  the  stacking  faults  are  wide,  coplanar,  and 
tend  to  pile  up,  and  (3)  above  30  w/o  zinc,  the  faults  are 
narrower  and  coplanar,  the  dislocations  exist  in  pairs,  and 
extensive  cross-slip  is  observed  near  any  existing  pile  ups. 
Thus,  in  terms  of  a single  mechanism,  such  as  cross-slip, 
the  observations  are:  (1)  extensive  cross-slip  from 

coppei  to  about  20  w/o  zinc,  (2)  little  or  no  cross-slip 
between  20  and  30  w/o  zinc,  and  (3)  the  return  of  cross- 
slip above  30  w/o  zinc.  Cross-slip  is  directly  related 
to  stacking  fault  widths  in  that  the  partial  dislocations 
must  recombine  to  a total  dislocation  in  order  to  cross-slip. 

4.30  Intercrystalljne  Boundary- Shear  Dislocation  Inter- 
action^ in  Alpha  Brass 

Since  it  has  been  established  that  the  hardness 
maximum  found  for  fine  grained  alpha  brass  alloys  at  25  w/o 
zinc  is  to  be  associated  with  an  interaction  between 


intercrystalline  boundaries  and  plastic  deformation,  and 
that  partial  dislocations  show  the  widest  separation  at 
this  same  composition,  a thorough  analysis  of  the  dis- 
location-intercrystalline boundary  interaction  is  in 
order. 

The  intercrystalline  boundary7 -shear  dislocation 
interaction  has  been  introduced  using  the  model  of  Rhines 
(1965).  In  relation  to  the  present  investigation,  there 
are  several  ideas  presented  in  this  model  that  bear  fur- 
ther consideration.  For  instance,  in  the  alpha  brasses  it 
is  found  that:  (1)  the  resistance  to  plastic  deformation 

that  is  associated  with  an  intercrystalline  boundary  is 
derived  from  the  fact  that  slip  planes  in  conjoint  grains 
are  not  parallel,  (2)  no  matter  what  the  atomic  mechanism 
of  the  dislocation-intercrystalline  boundary  interaction, 
the  resistance  to  plastic  deformation  that  is  felt  at  the 
boundary  is  in  proportion  to  the  two-dimensional  area  of  the 
interface,  and  (3)  a plastically  deformed  intercrystalline 
boundary  shows  an  increase  in  two-dimensional  area  that  is 
proportional  to  the  burgers  vector  of  each  dislocation  and 
the  number  of  dislocations  that  intersect  the  boundary  per 


unit  area. 


Whenever  a dislocation  intersects  an  intercrystal- 
line boundary , the  slip  planes  in  the  conjoint  grain  are 
non-coincident.  This  is  shown  schematically  in  Figure  23, 
where  the  grain  boundary  has  been  hypothetically  removed 
from  the  bicrystal  shown  in  Figure  38,  Appendix  V.  The 
slip  planes  from  conjoint  grains  are  theoretically  traced 
along  the  interface,  showing  the  problem  of  shear  trans- 
mittal between  grains.  Since  the  grains  on  each  side  of 
the  interface  must  remain  contiguous,  the  accomodation 
problem  at  the  interface  forces  the  shear  steps  along  the 
interface  to  be  as  uniformly  small  as  is  physically  possibl 
within  the  limitations  of  the  available  slip  planes.  For 
instance,  a large  step  (multiple  slip  on  a single  slip 
plane)  along  the  interface  would  not  be  possible  without 
causing  a fissure  or  crack.  In  fact,  it  was  pointed  out 
long  ago  by  Von  Mises  (1928)  that  in  order  for  crystals  to 
remain  contiguous  along  the  intercrystalline  boundaries 
during  plastic  deformation,  a minimum  of  five  slip  systems 
must  be  operative. 

Alpha  brass  is  known  to  slip  on  a multiplicity 
of  slip  planes.  Thus,  whenever  a dislocation  arrives  at 


Slip  plane  trace 
from  left  hand 
crystal 


slip  plane  trace  from 
right  hand  crystal 


Figure  23. 


Schematic  of  an  intercrystalline  boundary 
showing  slip  plane  traces  from  conjoint 
crystals  J 
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an  intercrystalline  boundary,  it  can  either  intersect  the 
boundary  or  possibly  cross-slip.  Therefore,  if  the  dis- 
location could  cross-slip,  the  dislocation-intercrystalline 
boundary  intersections  would  be  spread  out  over  the  avail- 
able surface  area.  This  condition  would  tend  to  minimize 
the  accommodation  problems  along  the  interface. 

It  is  also  known  that  dislocations  in  alpha  brass 
separate  into  partial  dislocations.  Each  total  dislocation 
separates  into  two  partials  that  form  a stacking  fault 
region  along  the  slip  plane.  It  is  impossible  for  a single 
partial  dislocation  to  cross-slip.  Thus,  whenever  a partial 
dislocation  approaches  an  intercrystalline  boundary,  it  is 
forced  to  remain  on  its  slip  plane  until  the  stacking  fault 
region  is  removed  by  the  recombination  of  the  partial  dis- 
locations. Whenever  the  partials  are  recombined,  the  total 
dislocation  can  then  cross-slip.  Therefore,  to  evenly 
spread  out  the  deformation  along  the  intercrystalline  bound- 
ary when  the  dislocations  are  broken  into  partial  disloca- 
tions, the  partials  must  be  recombined  and  the  stacking 
fault  regions  eliminated  before  the  dislocation  intersects 
the  intercrystalline  boundary.  Probably  the  best  way  to 


characterize  this  process  would  be  to  consider  that  the 
partial  dislocation  feels  an  elastic  resistance  at  the 
intercrystalline  boundary  that  repulses  the  partial  dis- 
location, forcing  the  partials  to  recombine  as  a penulti- 
mate step  to  plastically  deforming  the  intercrystalline 
boundary. 

To  quantitatively  estimate  the  energy  required 
to  eliminate  the  stacking  fault  regions  per  unit  volume 
of  material,  information  is  needed  about  the  fault  width 
per  dislocation  line,  the  specific  fault  energy  and  the 
per  cent  of  the  total  slip  planes  that  are  faulted.  The 
specific  fault  energies  were  taken  from  the  node  measure- 
ments of  Thomas  (1963) . Stacking  fault  energy  is  related 
to  the  fault  width  per  dislocation  line  through  a relation- 
ship introduced  by  Cottrell  (1953),  i.e.,  r = ua^/24-rr  X , 
where  r = partial  dislocation  separation,  u = shear 
modulus,  a = atomic  spacing,  and  X=  stacking  fault  energy. 
Stacking  fault  probability  is  related  to  stacking  fault 
energy  through  the  equation  <X  = A € 2/  X , where  cx  = stack- 

O 

ing  fault  probability,  A = constant,  £ = mean  square  strain 

obtained  from  X-ray  analyses  of  peak  shifts,  and  X=  stackin 


fault  energy.  It  has  been  experimentally  confirmed  that 
m alpha  brass,  stacking  fault  energy  can  be  used  to  esti- 
mate stacking  fault  widths  and  stacking  fault  probabilities, 
or  vice  versa. 

To  compare  the  fault  energy  per  unit  volume  of 
material  for  different  compositions  of  alpha  brass,  the 
fault  width  per  slip  plane  (r)  is  considered  on  a unit 
length  basis.  Thus, the  area  of  fault  per  slip  plane  would 
be  r(l) . Since  the  fault  energy  per  unit  area  is  known, 
the  energy  per  fault  could  be  expressed  as  r(l) * . It 
must  also  be  remembered  that  as  a function  of  composition 
each  unit  volume  of  material  is  not  faulted  on  the  same 
percentage  of  slip  planes.  The  fault  energy  per  unit 
volume  of  material  is  therefore  r(l)*o<  , where  r - K/tf  , 
and  <x=  K’/X  . The  parameters  K and  K'  are  ua2/24ir  and 
A€2  respectively.  Including  the  expressions  for  r and  * 
reduces  the  equation  for  the  fault  energy  per  unit  volume 
of  material  to  Cl)KK'/X  . To  simplify  calculations,  a 
ratio  technique  is  adopted  using  copper  as  the  ratio  base. 

By  doing  this  the  parameters  (l)KK'  are  eliminated,  and  the 
relationship  becomes  (l/*  alloy)/(l/*  copper).  This  ratio 
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which  reduces  to  X copper/ X alloy,  is  a measure  of  the 
energy  required  to  eliminate  all  of  the  stacking  faults  per 
unit  volume  of  alloy  material  divided  by  the  energy  required 
to  eliminate  the  stacking  faults  in  copper.  With  this  ratio 
technique,  the  numbers  have  a common  base  starting  with  the 
ratio  number  one  for  copper  to  copper.  This  information  is 
summarized  in  Table  XII  . 

Hardness  measurements  can  also  be  expressed  in 
terms  of  the  energy  required  to  deform  a unit  volume  of 
material,  Chattergee  (1956).  It  is  shown  in  Appendix  IV 
that  measurements  of  Brinell  hardness  and  the  energy  neces- 
sary for  the  deformation  of  a unit  volume  of  material  are 
equivalent  throughout  the  alpha  brasses.  Thus,  the  slope 
of  the  Brinell  hardness -boundary  area  relationship,  which 
is  a measure  of  the  hardness  contribution  of  intercrystal- 
line boundaries  per  se,  is  also  a measure  of  the  energy 
required  to  deform  intercrystalline  boundaries.  To  give 
these  measurements  a common  base  for  subsequent  comparisons, 
a ratio  technique  is  adopted  where  all  alloy  energies  for 
boundary  deformation  are  divided  by  equivalent  measure- 
ments for  pure  copper. 
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TABLE  XII 

Stacking  Fault  Energies,  Stacking  Fault  Energy  Ratios, 
and  the  Boundary  Area  Contribution  to  Hardness  Ratios 

for  Alpha  Brass 


Alloy 

X* 

(ergs/cm2) 

X copper 
X alloy 

( A BHN/  A Sv) 

alloy 

( A BHN/  A Sv) 

copper 

100 

12.2 

1.00 

1.00 

95-5 

9.3 

1.31 

1.46 

90-10 

7.0 

1.74 

1.54 

85-15 

4.8 

2.54 

1.82 

80-20 

3.4 

3.58 

2.48 

75-25 

2.9 

4.20 

4.21 

70-30 

2.7 

4.52 

3.74 

65-35 

5.0 

2.44 

2.08 

^Stacking  fault  node  measurements  of  Thomas  (1963). 
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A comparison  of  the  fault  energy  per  unit  volume 
of  material  (the  circles)  and  the  energy  necessary  to  de- 
form the  intercrystalline  boundaries  (the  x's)  is  shown 
in  Figure  24  where  the  dimensionless  ratios  mentioned 
above  are  plotted  as  a function  of  zinc  concentration  in 
alpha  brass.  Certainly  the  most  outstanding  result  shown 
in  Figure  24  is  that  both  dimensionless  ratios  are  a maxi- 
mum at  approximately  25  w/o  zinc.  It  is  therefore  con- 
cluded that  stacking  faults  must  be  eliminated  as  a 
penultimate  step  to  the  plastic  deformation  of  intercrystal- 
line boundaries. 

At  the  outset  of  the  present  reserach,  the  purpose 
was  to  find  out  what  specific  feature  caused  the  maximum 
hardness  for  certain  fine  grained  alloys  of  alpha  brass. 

It  has  been  shown  that  the  hardness  maximum  for  alloys  of 
approximately  the  25  w/o  zinc  composition  depends  explicitly 
upon  the  shear  dislocation-intercrystalline  boundary  inter- 
action and  the  energetics  of  the  specific  interaction  at 
each  composition.  For  compositions  near  25  w/o  zinc,  the 
shear  dislocations  are  separated  into  wide  stacking  faults 
that  must  be  eliminated  as  a penultimate  step  to  the  plastic 


Ratio  Number  (dimensionless) 
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O - energy  to  remove  faults 


X - energy  to  deform  boundaries 


Comparison  of  the  energy  required  to  deform 
intercrystalline  boundaries  and  remove  stack- 
ing faults  in  alloys  of  alpha  brass  divided 
by  similar  measurements  in  pure  copper 


Figure  24. 
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deformation  of  the  intercrystalline  boundary.  The  addition- 
al energy  required  to  eliminate  the  stacking  faults,  which 
is  a maximum  at  approximately  25  w/o  zinc,  is  identically 
equal  to  the  additional  deformation  energy  measured  by  the 
intercrystalline  boundary  area  contribution  to  hardness. 
Since  the  crystal  contribution  to  hardness  per  se  is  about 
the  same  at  all  alloy  compositions,  the  maximum  hardness 
for  fine  grained  alloys  near  the  25  w/o  zinc  compositions 
is  thus  explained  as  an  intercrystalline  boundary  contri- 
bution to  hardness. 

Further  verification  of  the  composition  dependence 
of  the  dislocation-intercrystalline  boundary  interaction  is 
obtained  from:  (1)  quenching  experiments,  and  (2)  the 

temperature  survey. 

4.31  Quenching  Experiments 

The  decrease  in  the  boundary  area  contribution  to 
hardness  that  was  found  for  alloys  beyond  the  30  w/o  zinc 
composition  of  alpha  brass  was  explained  by  the  effect  of 
short  range  order  upon  dislocation  geometry  (stacking  fault 
widths)  and  subsequently  the  resulting  dislocation-grain 
boundary  interaction.  A series  of  tests  was  devised  to 
check  the  dependence  of  this  interaction  upon  short  range 


order.  Atomic  ordering  can  be  "quenched  out"  by  a rapid 
quench  into  iced  brine  from  approximately  873°K. 
Clarebrough,  Hargreaves,  and  Loretto  (1961)  studied  the 
kinetics  of  the  ordering  process,  showing  that  after 
quenching,  the  high  zinc  content  alpha  brasses  require 
about  two  hours  standing  at  room  temperature  for  reorder- 
ing.  Following  this  information,  alloy  composition  of 
70-30,  67-33  and  65-35  copper-zinc  were  tested  using  a 
variety  of  different  quenching  solutions,  specimen  sizes, 
and  quenching  temperatures.  This  survey  is  the  subject  of 
Appendix  VXI,  and  the  writer  will  limit  the  current  dis- 
cussion to  the  specific  results  that  pertain  to  the  bound- 
ary area  contribution  to  hardness. 

Quenched  and  slow-cooled  specimens,  when  compared 
at  each  alloy  composition  showed:  (1)  the  same  boundary 

area  hardness  contributions  at  70-30  copper-zinc,  (2)  a 
slight  difference,  but  not  really  much  change  for  the  67-33 
copper-zinc  alloy,  and  (3)  a definite  increase  in  the  hard- 
ness contribution  of  the  boundary  area  for  the  quenched 
specimens  at  65-35  copper-zinc.  If  these  same  specimens 
were  then  aged  at  room  temperature  for  one  week  or  longer, 
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a comparison  of  the  "as  quenched"  and  the  "quenched  and 
aged"  state  showed:  (1)  no  change  for  the  70-30  copper- 

zinc  composition,  (2)  very  little  change  for  the  67-33 
alloy,  and  (3)  a definite  decrease  in  the  boundary  area 
hardness  contribution  for  the  quenched  and  aged  65-35 
alloy.  Therefore,  the  results  of  this  survey  show  that 
by  eliminating  short  range  order  at  65-35  copper-zinc,  the 
boundary  area  hardness  contribution  is  increased  to  a con- 
tribution that  is  very  near  the  75-25  copper-zinc  composi- 
tion maximum,  but  with  the  return  of  short  range  order, 

the  boundary  area  hardness  contribution  is  decreased  towards 
its  normal  value. 

More  evidence  that  the  high  zinc  content  alloys 
cf  alpha  brass  contain  short  range  order,  and  that  this 
ordering  effects  mechanical  properties  was  found  by  the 
author  in  a compressive  stress  versus  strain  analysis 
made  at  seven  compositions  spanning  the  alpha  brasses, 
Appendix  III.  The  evidence  was,  that  at  several  per  cent 
strain  and  above,  the  stress  versus  strain  relationships 
for  the  high  zinc  content  alloys  were  jerky  and  serrated. 
Serrated  stress-strain  curves  have  long  been  explained 
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by  the  interaction  of  plastic  deformation  and  atomic  order. 
This  effect  was  found  only  at  the  compositions  where  sub- 
stantial amounts  of  short  range  order  was  suspected,  30  w/o 
zinc  and  above. 

4.32  Temperature  Dependence 

The  grain  boundary  area  contribution  to  hardness  at 
compositions  near  25  w/o  zinc  have  been  shown  to  decrease 
rapidly  with  increasing  temperature.  At  573°K,  the  maximum 
boundary  area  hardness  contribution  was  significantly  de- 
creased, but  still  could  be  called  a maximum,  while  at  373°K 
the  maximum  was  non-existent,  and  in  fact,  it  had  become  a 
minimum. 

The  negative  slope  found  for  the  hardness  versus 
boundary  area  relationships  near  the  compositions  of  25  w/o 
zinc  at  873°K  implies  that  at  this  temperature,  the  inter- 
crystalline boundaries  no  longer  act  as  barriers  to  plastic 
deformation.  This  thought  does  not  agree  with  the  model  or 
interpretation  presented  for  the  lower  temperature  hardness 
measurements.  Therefore,  the  writer  decided  to  check  the 
high  temperature  results  by  measuring  impact  hardness  on 
copper  and  70-30  copper-zinc  as  a function  of  boundary  area 
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and  temperature.  These  experiments  were  conducted  in  part 
by  Rhode  (1967),  and  they  are  presented  in  full in  his  senior 
thesis.  The  results  that  are  directly  related  to  the  present 
investigation  are  shown  in  Figure  25,  parts  (a)  and  (b) . 

Part  (a)  shows  the  impact  hardness  versus  boundary  area 
relationships  at  293  and  873°K  for  pure  copper,  whereas  part 
(b)  shows  the  same  relationships  for  70-30  copper-zinc. 

The  important  result  of  the  tests  is  that  at  rapid  test 
rates  (where  the  complete  test  time  is  less  than  1/8000 
second)  the  hardness  contribution  of  intercrystalline 
boundary  area  is  unchanged  from  298  to  873°K.  Thus,  by 
eliminating  diffusion  mechanisms,  the  contribution  of  bound- 
ary area  to  hardness  is  retained  even  at  873°K. 

Swann  and  Nutting  (1962)  have  shown  that  in  alpha 
brass,  the  stacking  faults  disappear  with  increasing  temp- 
erature. The  temperature  range  where  the  faults  disappear 
is  also  the  range  where  the  boundary  area  hardness  maximum 
disappears.  Thus,  at  high  temperature,  if  the  test  rate  is 
slow  enough  the  faults  diffuse  away  and  do  not  interfere 
whereas  at  fast  strain  rates  this  does  not  happen.  There- 
fore diffusion  readily  explains  the  decreasing  boundary 
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Figure  25.  Impact  hardness  versus  boundary  area 
for  pure  copper  and  70-30  copper-zinc 
at  298  and  373°K 
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area  contribution  to  hardness  maximum  with  increasing 

temperature  at  about  25  w/o  zinc,  but  does  not  explain 
the  minimum  at  873°K. 

Grain  boundary  shearing  is  one  possible  explana- 
tion for  the  regular  decrease  in  hardness  found  with  in- 
creasing boundary  area  at  873°K.  Although  grain  boundary 
shearing  is  not  completely  understood,  it  has  long  been 
recognized  as  important  in  mechanical  property  measure- 
ments at  high  temperatures.  It  seems  reasonable  to  assume 
that  if  the  intercrystalline  boundaries  were  subject  to 
shearing,  an  extra  degree  of  freedom  would  be  added  to  the 
deformation  process  at  the  intercrystalline  boundaries 
which  would  therefore  decrease  the  boundary  contribution 
to  hardness  per  se. 

Other  investigators  have  also  recognized  that 
there  is  something  special  about  the  alpha  brasses  with 
compositions  near  25  w/o  zinc  at  high  temperatures.  For 
instance.  Feltham  and  Copley  (1959)  studied  creep  behavior 
on  polycrystalline  alloys  of  alpha  brass  showing  a maximum 
activation  energy  and  a maximum 


creep  rate  for  the  25-30 
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w/o  zinc  alloy  compositions.  Also,  Sherby  (1962), (1967) 
has  empirically  related  creep  rates  measured  on  poly- 
crystalline alloys  of  alpha  brass  to  an  equation  that 
includes  stacking  fault  energy.  It  has  been  established 
by  Atkins,  Silverio,  and  Tabor  (1966)  that  Brinell  testing 
is  an  acceptable  method  for  studying  creep  rates. 

The  various  studies  of  the  hardness -boundary  area 
relationships  also  provide  information  about  the  average 
crystal  hardness  as  a function  of  both  composition  and 
temperature . 

4*40  Average  Crystal  Hardness  in  Alpha  Brass 

The  dependence  of  average  crystal  hardness  upon 
alloy  composition  and  test  temperature  will  be  considered 
separately. 

^ • 4T  Composition  Dependence 

The  average  crystal  hardness  of  alpha  brass  was 
found  to  be  relatively  insensitive  to  alloy  composition. 

The  small  change  of  average  crystal  hardness  with  compo- 
sition at  any  one  of  the  test  temperatures  implies  that 
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the  solute  zinc  has  little  hardening  effect  on  the  solvent 
copper.  It  is  generally  recognized  that  the  hardness  of 
solid  solutions  depends  upon  the  relative  atomic  sizes  of 
the  solvent  and  solute  with  the  amount  of  hardening  afforded 
by  the  solute  increasing  with  increasing  atom  size  difference. 
Copper  and  zinc,  being  elements  29  and  30  in  the  periodic 
series,  have  very  similar  atomic  radii.  Therefore,  it  is 
not  surprising  that  the  average  crystal  hardness  of  alpha 
brass  is  relatively  insensitive  to  zinc  content. 

The  form  of  the  relationships  between  average  cry- 
stal hardness  and  composition  was  found  to  remain  almost 
the  same  at  all  test  temperatures.  At  lower  temperatures 
the  relationships  show  a slow  increase  of  average  crystal 
hardness  with  increasing  zinc  content  out  to  about  15  to  20 
w/o  zinc,  a shallow  minimum  between  20  and  30  w/o  zinc, 
and  an  increase  at  35  w/o  zinc.  These  relationships  were 
shown  m Figure  10  where  the  average  crystal  hardness  was 
plotted  as  a function  of  zinc  concentration  in  alpha  brass. 

The  shape  of  these  relationships  relates  directly  to  the 
dislocation-dislocation  intersections  within  the  crystals. 

For  instance,  at  compositions  from  copper  to  about  20  w/o 


zinc  the  dislocations  cross-slip  and  tangle  causing  the 
crystal  to  harden  simply  by  flow  restrictions.  From  20 
to  30  w/o  zinc  the  dislocations  are  strongly  restricted 
to  slip  planes  and  form  a non- intersecting  network  of 
dislocations  on  parallel  slip  planes,  as  was  shown  by 
Suzuki  (1965)  and  coworkers.  Thus,  at  these  compositions, 
there  are  very  few  dislocation-dislocation  intersections 
which  results  in  a lower  crystal  hardness  that  is  minimum 
where  the  dislocations  are  most  restricted  to  slip  planes 
(25  w/o  zinc).  Beyond  30  w/o  zinc  cross-slip  returns  and 
the  flow  restrictions  from  dislocation-dislocation  inter- 
actions again  produce  an  increase  in  the  crystal  hardness. 

It  is  also  important  to  note  that  the  low  tempera- 
ture average  crystal  hardnesses  show  a definite  increase 
where  short  range  order  is  expected  to  be  important  (35  w/o 
zinc)  whereas  at  high  temperature,  where  short  range  order 
is  absent,  there  is  a decrease  in  hardness. 

4 A 2 Temperature  Dependence 

The  average  crystal  hardness  versus  composition 
relationships  show  a regular  decrease  with  increasing 
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temperature,  Figure  10.  The  metallurgical  literature  pro- 
vided very  little  information  on  mechanical  properties  over 
the  temperature  range  currently  studied.  This  was  expecially 
true  when  seeking  information  on  single  crystals.  The  only 
complete  set  of  property  measurements  available  over  this 
composition  and  temperature  range  were  contained  in  the 
investigation  of  Foster  (1940),  who  measured  the  dynamic 
elastic  moduli  of  the  alpha  brasses  from  298  to  973°K. 

His  measurements  were  made  on  large  grain  size  specimens 
by  determining  the  fundamental  resonant  frequency  of 
rectangular  specimens  during  transverse  "free-free"  vibra- 
tion. These  measurements  show  a regular  behavior  with 
increasing  temperature  at  all  alpha  brass  compositions. 

A comparison  of  the  per  cent  decrease  of  average 
crystal  hardness  with  increasing  temperature  shows  a direct 
correspondence  to  the  per  cent  decrease  in  elastic  modulus 
over  the  same  temperature  interval.  These  measurements 
are  summarized  for  the  95-5,  85-15,  72-28,  and  67-33  copper- 
zinc  alloys  at  the  test  temperatures  of  298,  573,  and  873°K 
in  Table  XIII.  Also,  relative  comparisons  of  the  per  cent 
change  in  average  crystal  hardness  and  elastic  modulus 
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TABLE  XIII 

Dynamic  Elastic  Modulus  Measurements  of  Koster  (1940) 
and  Average  Crystal  Hardness  for  95-5,  85-15,  72-28, 
and  67-33  Copper-Zinc  at  293,  573,  and  873°K 


Elastic 

Modulus 

( E )xl0~2  (kg/mm2) 

(Koster) 

95-5 

85-15 

72-28 

67-33 

298°K 

13.0 

12.4 

11.5 

11.3 

573°K 

11.8 

11.1 

10.2 

10.1 

873°K 

9.5 

8.8 

7.9 

7.2 

Average  Grain  Hardness  (BHN)n  (kg/mm2) 


298°K 

573°K 

873°K 


39.8 

36.5 

27.1 


44.9 

40.4 

31.8 


38.6 

36.5 

28.5 


42.5 

40.0 

23.0 
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from  298  to  573°K  and  298  to  873°K  are  shown  as  a function 
of  alloy  composition  in  Figure  26.  In  general,  at  each 
alpha  brass  composition,  the  per  cent  change  in  these 
measurements  is  seen  to  be  similar.  This  correspondence 
implies  that  the  decrease  in  average  crystal  hardness  with 
increasing  test  temperature  is  for  the  most  part  a result 
of  a decrease  in  the  elastic  portion  of  the  hardness  measure- 
ments . A second  implication  is  that  the  strain  hardening 
part  of  the  hardness  measurement  remains  fairly  constant 
at  all  test  temperatures. 

Some  sense  of  the  reasonableness  of  these  results 
is  obtained  by  analyzing  the  mechanics  of  a Brinell  test 
at  high  test  temperatures.  Observation  of  a high  tempera- 
ture hardness  test  reveals  that  the  indenter  moves  into 
the  test  material  at  a fairly  rapid  rate.  Thus,  at  elevated 
temperature  the  strain  rate  of  the  material  under  the  in- 
dsnter  is  much  higher  than  at  low  temperature.  In  general, 
this  would  tend  to  increase  the  strain  sensitivity  of  the 
material,  or  appear  as  a lower  temperature  result.  Granted, 
the  elastic  modulus  must  be  assumed  to  be  fairly  strain 
rate  insensitive,  but  the  metallurgical  literature  shows 
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0=  change  in  elastic  modules  293-573°K 
X=  change  in  average  crystal  hardness  298-573°K 
change  in  elastic  modulus  298-873°K 


Figure  26.  Per  cent  change  of  elastic  modulus  and 
average  crystal  hardness  from  298-573°K 
^nd  298-873  K as  a function  of  zinc 
concentration  in  alpha  brass 
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that  this  is  not  such  a bad  assumption.  Thus,  the  decrease 
in  average  crystal  hardness  with  increasing  temperature  can 
be  at  least  qualitatively  attributed  to  an  equivalent  per- 
centage decrease  in  the  elastic  response  of  the  test  material. 

4,43  £°.mParisons  of  Average  Crystal  Micro-  and  Macro - 
hardness  

At  the  outset  of  the  present  investigation,  some 
doubt  was  attached  to  the  validity  of  the  average  crystal 
hardness  measurement.  The  extrapolations  of  the  hardness- 
boundary area  relationships,  used  to  obtain  average  crystal 
hardnesses,  are  less  than  5 per  cent  of  the  coordinate  axes, 
but  since  extrapolation  beyond  any  measured  region  often 
raises  doubts,  experiments  were  devised  to  cross  check  the 
average  crystal  hardness  measurements.  This  was  done  by 
placing  microhardness  impressions  in  the  center  of  twenty- 
five  grains  at  each  alloy  composition.  Average  crystal 
Brinell  hardness  (BHN)0  and  average  grain  center  micro- 
hardness ( DPN) q are  separately  plotted  as  a function  of 
zinc  concentration  in  alpha  brass  in  Figure  27,  parts  (a) 
and  (b).  The  similarity  of  these  two  relationships,  and 
the  relative  magnitudes  of  the  hardnes 


s numbers  obtained 
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Figure  27.  (a)  Average  crystal  Brinell  hardness  versus 

zinc  concentration  for  alpha  brass 
(b)  Average  crystal  microhardness  versus 
zinc  concentration  for  alpha  brass 


in  each  case  convinced  the  writer  that  the  average  crystal 
hardness  measurements  are  valid. 

The  average  crystal  microhardness  measurements 
were  only  part  of  several  surveys  conducted  during  the 
course  of  the  present  investigation.  Although  the  informa- 
tion obtained  in  these  surveys  is  of  a supplemental  nature, 

some  rather  unique  and  interesting  comparisons  are  brought 
out. 

4 • 50  Meyer  Analysis 

A Meyer  analysis,  which  is  normally  used  to  deter- 
mine the  so  called  pretest  hardness  (MHN)k,  and  the  strain 
hardening  coefficient  (n)were  used  in  the  present  research 
to:  (1)  make  a conversion  of  Brinell  hardness  to  energy 

per  unit  volume  of  deformation  through  the  method  of 
Chattergee,  Appendix  IV,  (2)  analyze  strain  hardening  and 
its  relation  to  intercrystalline  boundaries,  and  (3)  deter- 
mine hardness  numbers  at  various  stages  of  plastic  deforma- 
tion so  that  comparisons  could  be  made  with  tensile  stress- 
strain  measurements. 
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4.51  Meyer  Pretest  Hardness  and  Tensile  Yield  Points 
The  Meyer  pretest  hardness  (MHN)j^  is  not  a norinal 
indentation  hardness  measurement  in  that  it  is  determined 
at  a constant  indentation  surface  area.  Pretest  hardness 
is  measured  at  a very  early  stage  of  plastic  deformation 
by  sampling  the  load  versus  impression  diameter  relation- 
ships determined  in  the  Meyer  analysis  at  an  impression 
diameter  of  one  millimeter.  Because  of  this  sampling 
method,  wherein  hypothetical  hardness  numbers  are  deter- 
mined that  are  representative  of  a test  that  is  still  in 
progress,  the  writer  considers  the  pretest  hardness  as  a 
dynamic  rather  than  static  type  hardness  measurement.  Xt 
is  of  course  true  that  yield  points  are  measured  by  a 
similar  sampling  technique. 

Tensile  yield  points  were  obtained,  at  a constant 
intercrystalline  boundary  area  of  800  cm^/cm^,  from  the 
investigation  of  Feltham  and  Copley  (1960).  Feltham  and 
Copley’s  (1960)  yield  point  measurements  were  made  on 
completely  recrystallized  alloys  of  alpha  brass,  and  pro- 
vided an  ideal  series  for  comparisons  with  the  pretest 
hardness.  Xn  order  to  make  comparisons,  the  Meyer  pretest 
hardness  versus  intercrystalline  boundary  area  relationships 
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shown  in  Figure  13  were  sampled  at  a boundary  area  of  800 
cm2/ cm3.  It  should  be  added  that  Feltham  and  Copley  (1960) 
defined  their  yield  points  as  the  stresses  at  which  devia- 
tions from  the  stress-strain  curve  in  the  elastic  range 
first  became  apparent. 

Meyer’s  pretest  hardness  and  tensile  yield  points 
are  compared  as  a function  of  zinc  concentration  in  alpha 
brass  in  Figure  28,  parts  (a)  and  (b) . The  shapes  of  these 
relationships  are  very  similar,  with  the  pretest  hardness 
being  approximately  6.5  times  larger  than  the  yield  points 
at  all  alloy  compositions.  It  is  important  to  note  that 
neither  measurement  shows  anything  special  about  the  25  w/o 
zinc  alloy  composition. 

It  is  implied  from  the  correspondence  of  these 
measurements  that  the  pretest  hardness  and  yield  point  (as 
defined)  both  measure  a load  or  stress  per  support  area 
ratio  that  is  characteristic  of  a very  early  stage  of  the 
plastic  deformation  process.  Still  further,  since  it  has 
been  shown  that  the  Meyer  pretest  hardness  relates  on  un- 
known amounts  of  plastic  deformation,  the  same  situation  is 
suggested  for  the  yield  point  measurement. 


(kg/mm2)  (MHN)k  (kg/ 
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(b) 

Figure  28.  (a)  Meyer  pretest  hardness  versus  zinc  concen- 

tration in  alpha  brass 

(b)  Feltham  and  Copley's  (1960)  tensile  yield 
points  versus  zinc  concentration  in  alpha 
brass 
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From  the  comparisons  mentioned  above,  the  writer 
can  find  no  justification  for  the  general  assumption  by 
other  investigators  that  yield  points  and  normal  Brinell 
Hardness  Numbers  should  be  related.  Thus,  it  is  not  sur- 
prising to  find  that  the  composition  dependence  of  the 
relationship  between  Meyer  pretest  hardness  and  inter- 
crystalline boundary  area  does  not  show  a direct  corres- 
pondence with  the  composition  dependence  of  the  normal 
hardness -boundary  area  relationships. 

4.52  Meyer  Strain  Hardening  Coefficients 

Meyer  strain  hardening  coefficients  are  easily 
obtained  and  have  been  the  subject  of  several  previous 
investigations.  However,  until  recently,  very  little  im- 
portance has  been  placed  on  the  possibility  of  intercrystal- 
line boundaries  having  more  than  a negligible  effect  upon 
these  measurements.  The  present  Meyer  strain  hardening 
coefficient  versus  intercrystalline  boundary  area  relation- 
ships show  a small  but  regular  dependence  of  the  strain 
hardening  coefficient  upon  boundary  area  for  all  alpha 
brass  alloys,  Figure  14.  If  the  various  relationships  for 
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different  alloy  compositions  shown  in  Figure  14  are  com- 
pared as  a function  of  boundary  area,  it  is  interesting 
to  note  that  at  low  boundary  area  the  coefficient  is 
smallest  for  the  25  w/o  zinc  alloy,  whereas  at  high 
boundary  area  the  coefficient  is  largest  for  the  25  w/o 
zinc  alloy.  Interest  was  therefore  generated  in  the 
validity  of  these  measurements. 

Strain  hardening  coefficients  of  a qualitative 
nature  were  available  for  large  and  small  values  of 
boundary  area  in  the  tensile  stress-strain  analyses  of 
Feltham  and  Copley  (I960)  and  Argent,  Blank,  and  Nissen 
(1965).  These  coefficients  were  ta’ en  from  the  linear 
part  of  the  plastic  portion  of  the  stress-strain  curves. 
Since  these  measurements  could  only  be  roughly  inteipreted, 
subsequent  comparisons  will  show  trends,  and  no  special 
significance  should  be  attached  to  the  numbers  involved. 

Meyer  strain  hardening  coefficients  and  tensile 
deformation  strain  hardening  coefficients  are  plotted  as 
a function  of  zinc  concentration  in  alpha  brass  for  low 
boundary  area  specimens  in  Figure  29,  parts  (a)  and  (b) . 
Note  that  both  relationships  show  a minimum  at  25  w/o 
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Figure  29.  (a)  Meyer  strain  hardening  coefficient  versus 

zinc  concentration  in  alpha  brass 
Cb)  Feltham  and  Copley's  (1960)  linear  strain 
hardening  coefficient  versus  zinc  concentra- 
tion in  alpha  brass 
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zinc.  Similar  measurements  are  plotted  for  high  boundary 
area  specimens  in  Figure  30,  parts  (a)  and  (b) . Note  that 
both  of  these  relationships  show  a maximum  at  25  w/o  zinc. 
It  is  thereby  concluded,  that  in  relation  to  the  dependence 
of  strain  hardening  coefficient-intercrystalline  boundary 
area  measurements  upon  composition  the  Meyer  strain  hard- 
ening  coefficients  are  valid  measurements. 

The  result  that  strain  hardening  coefficients  are 
highest  for  the  25  w/o  zinc  alloy  at  high  boundary  area 
and  lowest  at  low  boundary  area,  agrees  with  the  general 
hardness  versus  boundary  area  analyses.  For  the  25  w/o 
zinc  alloy  in  comparison  to  the  other  alloys,  strain 
hardening  coefficients  imply  that  at  low  boundary  area 
there  is  more  plastic  deformation  per  unit  of  load  (a  low 
hardness  number),  whereas  at  high  boundary  area  there  is 
less  plastic  deformation  per  unit  of  load  (a  high  hardness 
number.).  This  is  indeed  the  experimental  result  found  for 
the  hardness  measurements  on  the  25  w/o  zinc  alloy,  i.e.,  in 
comparison  to  the  other  alloys,  the  25  w/o  zinc  alloy  is 

softest  when  the  grain  size  is  large,  and  hardest  when  the 
grain  size  is  small. 


xlO  (kg/mm2)  n (kg/mm) 


(a) 


(b) 

(a)  Meyer  strain  hardening  coefficient  versus 
zinc  concentration  in  alpha  brass 

(b)  Feltham  and  Copley’s  (1960)  parabolic 
strain  hardening  coefficient  versus  zinc 
concentration  in  alpha  brass 


Figure  30. 
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4.53  Meyer  Strain  Sensitivity  Limit  of  Boundary  Area 

It  has  long  been  known that  alpha  brass  alloys  in 
the  composition  range  of  25-30  w/o  zinc  can  be  used  for 
deep  drawing  applications  whereas  other  alloy  compositions 
can  not.  For  a metal  to  deep  draw,  it  must  remain  plastic 
over  an  extremely  wide  range  of  reduction.  In  general, 
this  requires  that  the  metal  deform  uniformly  throughout 
the  deformation  process. 

The  strain  sensitivity  limit  of  boundary  area 
(MHN)l,  that  is  obtained  from  the  Meyer  analysis,  shows 
that  the  intercrystalline  boundaries  of  the  25  w/o  zinc 
alpha  brass  alloy  composition  remain  sensitive  to  plastic 
deformation  at  much  higher  percentages  of  deformation  than 
the  other  alloys.  The  writer  interprets  the  long  range 
sensitivity  of  intercrystalline  boundaries  at  25  w/o  zinc 
to  the  fact  that  plastic  shear  is  strongly  restricted  to 
parallel  slip  planes,  which  minimizes  the  dislocation- 
dislocation  interactions  that  tend  to  excessively  harden 
the  crystals.  Therefore,  the  present  research  indicates 
that  the  metallic  property  of  deep  drawing,  that  is  the 
outstanding  characteristic  of  cartridge  brass  (30  w/o  zinc) 
depends  upon  the  fact  that  this  alloy  deforms  uniformly  on 
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parallel  slip  systems  that  do  not  grossly  interact,  whereas 
in  contrast,  the  other  alloy  compositions  deform  inhomo- 
geneously  by  dislocations  that  profusely  cross-slip,  pro- 
duce tangles,  and  finally  cause  the  deformed  metal  to 
fissure  at  locally  hardened  regions. 

4 .60  Vickers  Microhardness 

Westbrook  and  Wood  (1963),  Mott  (1956),  and  many 
other  investigators  have  studied  grain  boundary  properties 
using  microhardness.  For  the  most  part,  the  measurements 
are  extremely  time  consuming  and  must  be  limited  to  a given 
set  of  conditions,  as  for  instance  a bicrystal.  Some  micro- 
hardness investigations  have  been  conducted  on  intermetallics 
wherein  the  intercrystalline  boundaries  are  found  to  give  a 
much  higher  microhardness  than  the  surrounding  grains. 

Such  is  not  the  case  for  phase  pure  materials  such  as  alpha 
brass,  and  in  fact,  Mott  (1956)  mentions  that  microhardness 
measurements  from  intercrystalline  boundaries  of  single 
phase  materials  are  only  a few  per  cent  greater  than  grain 
center  microhardnesses. 
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4.61  Microhardness  Measurements  on  Recrystallized 
Alpha  Brass 

The  alpha  brasses  presently  investigated  have 
shown  that  a comparison  of  the  average  microhardness  from 
grain  centers  and  grain  boundaries  bears  out  Mott's  (1956) 
statement.  The  intercrystalline  boundaries  are  approximate- 
ly 3-4  per  cent  higher  in  microhardness  at  all  alpha  brass 
compositions . 

The  similarity  of  the  grain  center  and  intercrystal- 
line boundary  microhardness  measurements  at  all  compositions 
of  alpha  brass  brings  out  an  important  point.  The  hardness 
contribution  of  the  intercrystalline  boundaries  obtained 
from  the  Brinell  measurements  must  result  from  an  inter- 
action of  grains  that  are  totally  constrained  within  the 
polycrystalline  aggregate. 

In  the  microhardness  test,  the  multiple  slip  sys- 
tems of  alpha  brass  cause  the  deformation  that  is  induced 
in  a local  zone  along  the  test  surface  to  take  the  easiest 
path.  The  easiest  path  is  plastic  flow  within  the  crystal 
as  opposed  to  plastic  flow  from  crystal  to  crystal  through 
the  crystal  boundary. 
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4,62  Microhardness  Measurements  on  Prestrained  Alpha 
Brass  ~ ' c — 

Takamura  and  SeiMiura  (1959)  measured  grain  and 
gram  boundary  microhardnesses  on  prestrained  bicrystals 
of  alpha  brass  showing  that  the  boundary  region  was  much 
harder.  Attempts  were  made  to  measure  this  effect  on  pre- 
s trained  polycrystals  of  alpha  brass  by  measuring  a large 
number  of  grain  center  and  grain  boundary  microhardnesses 
at  each  alloy  composition.  The  experimental  scatter  was 
so  large  that  no  definite  conclusions  could  be  drawn  about 
grain  versus  grain  boundary  microhardnesses. 

In  general,  it  is  therefore  concluded  that  the 
microhardness  technique  is  a very  limited  tool  for  the 
study  of  grain  boundary  properties  in  polycrystals  of 
singxe  phase  alloys  such  as  alpha  brass. 

4*70  Investigation  of  Alpha  Silver-Zinc 

Brinell  hardness  was  measured  as  a function  of 
intercrystalline  boundary  area  and  temperature  for  the  20, 
25,  and  30  A/o  zinc  alloys  of  alpha  silver-zinc.  This 
survey  was  initiated  by  the  author  to  check  the  generality 
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of  the  results  obtained  from  the  alpha  copper-zinc  alloys 
and  was  conducted  by  Jenkins  (1967).  All  measurer. ents  were 
made  following  the  investigation  on  copper-zinc. 

grinell  Hardness  versus  Intercrystalline  Bound- 
ary Area  ~ — 

Brinell  Hardness  Number  was  found  to  be  directly 
proportional  to  the  intercrystalline  boundary  area  for  the 
alpha  silver-zinc  alloy  compositons  of  20,  25,  and  30  A/o 
zinc  at  the  test  temperatures  of  77  and  298°K,  Figures 
31  to  33. 

4*72  Average  Crystal  Hardness 

Average  crystal  hardness  is  plotted  as  a function 
of  zinc  concentration  in  alpha  silver-zinc  in  Figure  34. 

At  77  K,  the  average  crystal  hardness  shows  a small  but 
steady  increase  with  increasing  zinc  content,  whereas  at 
298°K,  the  average  crystal  hardness  is  decreased  in  magni- 
tude but  remains  almost  constant  as  a function  of  composi- 
tion. 

A comparison  of  the  average  crystal  hardness- 
composition  relationships  for  silver-zinc,  Figure  34,  and 
similar  measurements  for  copper-zinc,  Figure  10,  shows  a 
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Figure  31.  Brinell  Hardness  Number  versus  boundary  area  per  unit 
volume  for  19.8  A/o  zinc  alpha  silver-zinc 
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Figure  32.  Brinell  Hardness  Number  versus  boundary  area  per  unit 
volume  for  25  A/o  zinc  in  alpha  silver-zinc 
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Figure  33.  Brinell  Hardness  Number  versus  boundary  area  per  unit 
volume  for  29.2  A/o  zinc  in  alpha  silver-zinc 
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Figure  34.  Average  crystal  hardness  versus  zinc  concentration  in 
alpha  silver-zinc 
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direct  correspondence.  The  dependence  of  this  relation- 
ship upon  test  temperature  seems  to  be  shifted  to  a lower 
temperature  in  alpha  silver-zinc.  For  instance,  77°k  for 
silver-zinc  is  equivalent  to  either  77  or  298°K  in  copper- 
zinc  whereas  298°K  in  silver-zinc  corresponds  to  a tempera- 
ture somewhere  between  573  and  873°K  in  copper-zinc. 

^’73  Boundary  Area  Contributions  to  Hardness 

The  relationships  determined  from  the  plot  of 
boundary  area  contribution  to  hardness  versus  zinc  concen- 
tration in  alpha  silver-zinc,  Figure  35,  also  shows  a 
definite  similarity  to  the  corresponding  plots  of  alpha 
copper  zinc,  Figure  11.  The  low  temperature  measurements 
on  both  alloys  show  a maximum  at  approximately  25  A/o  zinc 
whereas  at  higher  test  temperatures,  a minimum  is  found  at 
the  same  composition.  Once  again  the  temperature  dependence 
of  hardness  is  found  to  become  important  at  much  lower 
temperatures  in  alpha  silver-zinc. 

Nowick  (1952)  offers  one  possible  explanation  for 
the  low  temperature  decay  of  hardness  measurements  in  alpha 
silver-zinc  when  he  showed  that  diffusion  rates  of  zinc  in 
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Figure  35.  Boundary  area  contribution  to  hardness  versus  zinc 
concentration  in  alpha  silver-zinc 
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silver  are  five  times  greater  than  in  copper.  Nowick's 
(1952)  measurements  were  suggested  to  be  applicable  at 
298°K.  Thus,  it  is  not  surprising  to  find  that  the  ab- 
solute magnitude  of  the  boundary  area  contribution  to 
hardness  are  smaller,  and  that  the  dependence  of  hardness 
upon  test  temperature  show  a shift  to  lower  temperature 
for  the  silver-zinc  alloys. 

It  is  proposed  for  the  correspondence  of  the 
various  measurements  obtained  from  the  alpha  silver  and 
copper-zinc  alloys,  that  if  stacking  fault  energy  measure- 
ments were  made  using  the  technique  of  Thomas  (1963)  a 
minimum  stacking  fault  energy  would  be  found  at  approxi- 
mately 25  A/o  zinc  in  silver. 


CHAPTER  V 


CONCLUSIONS 

From  the  present  research  it  can  be  concluded 

that : 

1*  The  Brinell  Hardness  Numbers  obtained  from  recrystal- 
lized  alloys  of  alpha  brass  (0-35  w/o  zinc)  are 
directly  proportional  to  the  intercrystalline  bound- 
ary area  per  unit  volume  at  the  test  temperatures  of 
77,  298,  573,  and  873°K. 

2.  Of  the  many  crystal  dimension  measurements  available 
for  explaining  property-grain  size  relationships,  the 
intercrystalline  boundary  area  is  the  most  accurate 
crystal  dimension  measurement  available  for  corre- 
lation with  indentation  hardness. 

3.  The  relationship  between  Brinell  hardness  and  inter- 
crystalline boundary  area  provides  a method  for  the 
separation  of  the  fundamental  hardness  of  the  crystal 
from  the  hardness  contribution  of  the  intercrystalline 
boundary. 
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4.  The  fundamental  hardness  of  the  crystal  is  relatively 
insensitive  to  alloy  composition  in  alpha  brass. 

5.  The  intercrystalline  boundary  contribution  to  hardness 
is  strongly  sensitive  to  alloy  composition  showing  a 
pronounced  maximum  at  the  25  w/o  zinc  alloy  composition. 

6.  The  intercrystalline  boundary  contribution  to  hardness 
measures  the  energy  to  pass  plastic  deformation  (as 
distinguished  from  elastic  deformation)  from  one 

crystal  to  the  next  through  the  intercrystalline 
boundary. 

7.  Plastic  shear  dislocations  in  alpha  brass  are  subject 
to  the  formation  of  stacking  faults,  and  these  faults 
are  widest  at  the  25  w/o  zinc  alloy  composition. 

8.  The  decrease  of  stacking  fault  widths  beyond  the  25-30 
w/o  zinc  alloy  compositions  results  from  glide  restric- 
tions produced  by  an  interaction  of  stacking  faults 
and  short  range  order. 

9.  The  interaction  of  plastic  shear  dislocations  and 
intercrystalline  boundaries  forces  stacking  faults 

to  be  eliminated  as  a penultimate  step  to  the  plastic 
deformation  of  the  intercrystalline  boundary. 
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10.  The  additional  energy  that  must  be  provided  to  elimi- 
nate the  wide  stacking  faults  for  alloys  near  25  w/o 
zinc  is  equivalent  to  the  extra  energy  measured  in 
the  intercrystalline  boundary  area  contribution  to 
hardness  maximum  at  this  same  composition. 

11.  The  decay  of  the  intercrystalline  boundary  contri- 
bution to  hardness  with  increasing  test  tenperature 
results  from  the  elimination  of  stacking  faults  by 
diffusion  mechanisms. 

12.  The  analogous  experimental  results  obtained  from  the 
alpha  silver-zinc  alloys  show  that  the  present  in- 
vestigation techniques  are  not  restricted  to  a single 
alloy  system. 


CHAPTER  VI 


SUGGESTED  RESEARCH 

The  present  research  on  alpha  copper  and  silver 
zinc  suggests  several  new  areas  for  continued  investiga- 
tions. These  are: 

1.  Brinell  Hardness  Number  as  a function  of  inter- 
crystalline boundary  area  and  composition  in  the  alpha 
copper-aluminum  and  copper- tin  alloy  systems.  These 
alloy  systems  have  ideal  alpha  solubility  ranges  for 
isolating  and  studying  the  dependence  of  the  hardness- 
intercrystalline  boundary  interaction  upon  stacking  fault 
energy  without  the  side  effects  of  short  range  order.  The 
alpha  solubilities  are  narrow  enough  such  that  there  is  no 
short  range  order,  but  wide  enough  to  cause  a stacking 
fault  energy  decrease  comparable  to  alpha  copper- zinc. 
Stacking  fault  energies  are  known,  the  alloys  are  workable, 
and  direct  comparisons  of  experimental  data  with  the  known 
data  on  alpha  copper-zinc  might  help  to  better  understand 
the  relationship  between  hardness -boundary  area,  stacking 
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fault  energy,  and  short  range  ordering.  The  conclusions 
drawn  from  the  present  investigation  Indicate  that  a 
future  investigator  could  expect  a steady  increase  in 
the  intercrystalline  boundary  contribution  to  hardness 
with  increasing  solute  content  in  both  alloy  systems. 

2.  Brinell  Hardness  Number  as  a function  of  inter- 
crystalline boundary  area,  composition,  and  temperature 
in  the  copper-gold  alloy  system.  This  alloy  system  offers 
a wide  variety  of  possibilities  for  investigation.  A hard- 
ness versus  boundary  area  survey,  made  at  composition  inter- 
vals of  12.5  A/o,  and  at  test  temperatures  from  77°K  to  above 
one-half  of  the  alloys'  melting  point,  would  represent 
lots  of  work  but  also  "lots  of  information."  The  effects 
of  long  range  order  upon  the  hardness-boundary  area  rela- 
tionship, if  any  effects  are  found,  could  be  studied  at 
the  1.3,  1:1,  and  3:1  atomic  order  ratios.  Both  ordered 
and  disordered  states  could  be  studied  at  the  same  composi- 
tions through  the  temperature  survey,  or  possibly  by 
naturally  cooled  versus  quenched  specimen  conditions. 

Information  available  in  the  metallurgical  litera- 
ture suggests  that  long  range  order  increases  the  contri- 
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bution  of  grain  boundaries  to  mechanical  properties.  In 
general  this  thought  is  in  agreement  with  the  present 
copper-zinc  investigation,  except  that  in  the  ordered 
copper-gold  alloys  the  dislocation  geometry  consists  of 
total  dislocations  separated  by  a stacking  fault,  rather 
than  the  partial  dislocat-ions-stacking  fault  arrangement 
found  in  alpha  copper-zinc.  In  both  cases  it  seems 
reasonable  that  the  stacking  fault  would  be  eliminated 
during  the  dislocation-grain  boundary  interaction  step 
of  plastic  deformation.  Therefore  both  dislocation- 
stacking fault  arrangements  should  cause  a high  disloca- 
tion-grain boundary  interaction  energy.  Since  the  back- 
log  of  information  available  in  the  literature  on  copper- 
gold  is  voluminous,  little  more  need  be  said. 

3.  The  relationship  between  two-dimensional  mean 
intercept  (X)  and  three-dimensional  mean  grain  diameter 
(IV)  in  alpha  brass.  This  type  of  investigation  would 
require  serial  sectioning,  or  sampling  the  grain  structure 
throughout  its  physical  dimensions.  A microtome  could  be 
used  to  accurately  slice  away  known  amounts  of  metal  from 
a polycrystalline  specimen,  with  the  two-dimensional  grain 
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boundary  network  being  recorded  at  predetermined  intervals 
by  photomicrographs.  These  two-dimensional  micrographs 
could  then  be  used  to  construct  the  true  three-dimensional 
grain  shapes  and  to  analyze  possible  relationships  between 
the  various  measurements  of  quantitative  metallography. 
Other  investigators  have  supposed  that  three-dimensional 
grain  diameter  can  be  measured  on  a single  slice  through 
an  equiaxed  polycrystalline  array  of  grains,  whereas  the 
present  theorems  of  quantitative  metallography  say  that 
this  is  not  so.  In  any  case,  if  there  is  a correlation, 
it  should  be  pointed  out  in  its  true  meaning. 

An  ideal  system  for  this  investigation  from  the 
standpoint  of  easy  grain  size  preparation,  cutting  on  the 
microtome,  electropolishing,  and  etching  would  be  70-30 
copper-zinc.  The  only  problem  encountered  at  the  outset 
would  be  the  annealing  twins. 

4.  Meyer  strain  hardening  coefficients,  from  the 
center  of  large  polycrystalline  grains,  measured  by  micro- 
hardness. To  conduct  microhardness  experiments  on  strain 
hardening,  it  would  be  necessary  to  rig  up  a very  small 
spherical  indenter  for  the  microhardness  tester.  With 
careful  application  of  the  spherical  indenter  at  a series 
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of  different  small  loads,  it  would  be  possible  to  determine 
strain  hardening  coefficients  from  within  separate  poly- 
crystalline grains.  To  facilitate  these  measurements, 
hardness  impressions  at  different  loads  could  be  made  one 
after  another  in  the  same  location.  Previous  investigators 
claim  that  the  error  introduced  by  such  an  operation  as 
this  is  trivial.  This  same  test  would  then  be  repeated 
on  several  grains,  and  at  alpha  brass  compositions  of  95-5, 
85-15,  75-25  and 65-35  copper-zinc . Conclusions  drawn  in 
the  present  research  indicate  that  the  strain  hardening 
coefficient  of  an  average  aggregate  grain  should  be  rela- 
tively independent  of  alloy  composition.  The  microhardness 
measurements  would  provide  a direct  comparison.  Also,  if 
the  micro -indenter  was  small  enough,  the  same  type  of  ex- 
periment-..could  be  repeated  at  two  grain  sizes  at  each  alloy 
composition.  These  experiments  would  provide  a second 
check  on  a conclusion  obtained  from  the  present  research, 
that  is,  that  the  strain  hardening  in  an  average  Dolycrystal- 
line  aggregate  grain  is  relatively  independent  of  grain  size 
in  alpha  brass. 
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5.  It  is  suggested  that, in  all  future  studies  of 
hardness  as  a function  of  intercrystalline  boundary  area, 
the  primary  series  of  hardness  measurements  be  made  using 
at  least  three  different  loads.  The  reason  for  this  is 
that  the  information  gained  would  be  more  than  tripled  for 
the  same  amount  of  time  expended.  Also,  a better  compari- 
son could  be  made  with  previous  investigations,  several 
different  indenter  to  specimen  contact  angles  would  be 
established, and  the  Meyer  analysis  information  could  be 
analyzed. 
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AVERAGE  PRESSURE  DERIVATION 

0 Neill  (1934),  Tabor  (1951),  and  other  investi- 
gators have  expressed  dissatisfaction  with  the  Brinell 
Hardness  Number  because  they  do  not  believe  it  is  based 
on  a satisfactory  physical  concept.  The  reason  for  this 
is  that  the  ratio  of  the  load  to  the  curved  area  of  in- 
dentation does  not  give  the  mean  pressure  over  the  sur- 
face of  indentation.  To  show  this,  it  is  assumed  that 
the  mean  pressure  is  given  as  P,  that  there  is  no  fric- 
tion between  the  indenter  surface  and  the  indentation, 
and  that  the  pressure  acts  normal  to  the  surface  of  the 
indentation,  Figure  36.  Consider  the  forces  on  a curved 
annulus  of  radius  with  width  ds.  The  area  of  the  annulus 
lying  on  the  curved  surface  of  the  indentation  is  2Ttxds 
and  the  force  of  it  is  P(2nxds).  Hie  horizontal  component 
of  this  force,  by  symmetry  considerations,  is  zero.  The 
vertical  component  is  P(2Trxdx).  If  a sum  is  taken  over 
the  whole  surface  area  of  the  indentation,  the  resultant 
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36 . Schemat  ic  of  the  indenter  and  indentation 
dimensions  related  to  a hardness  test  using 
a spherical  ball 


horizontal  force,  as  expected  is  zero.  The  resultant 
vertical  force  which  is  equal  to  the  normal  load  is 
simply: 

a 

L = ^ P2  tt  xdx  = P tt a^ 

o 

where  2a  is  the  chordal  diameter  of  the  indentation. 
Consequently,  the  mean  pressure  is  equal  to  L/rra^. 

Thus  the  mean  pressure  between  the  surface  of 
the  indenter  and  the  indentation  is  equal  to  the  ratio 
of  the  load  to  the  projected  area  of  the  indentation. 
This  quantity  as  a measure  of  the  hardness  was  first 
proposed  by  Meyer  (1908).  The  Meyer  Hardness  Number  i 
expressed  as: 

MHN  = 4L/rrd2 


where  d = 2a. 


APPENDIX  II 


CORRELATIONS  OF  MECHANICAL  PROPERTIES  AND  GRAIN  SIZE 

Considerable  attention  has  been  given  to  the 
problem  of  calculating  the  flow  stress,  or  yield  point 
in  metallic  polycrystalline  aggregates.  Taylor  in  his 
classical  theory  of  1938,  proposed  that  polycrystal 
properties  are  only  a sum  of  single  crystal  properties, 
i.e.,  he  used  the  result  that  continuity  between  poly- 
crystalline grains  determines  the  deformation  process 
within  the  grain  and  so  determines  the  stress  required 
for  deformation.  Taylor's  (1938)  calculations  have  been 
generalized  by  Bishop  and  Hill  (1951),  Hill  (1952),  and 
Kocks  (1958),  with  all  of  these  theories  predicting  poly- 
crystalline properties  as  simple  multiples  of  single 
crystals. 

Hall  (1951)  and  Petch  (1953)  introduced  a concept 
and  derivation  wherein  they  attempt  to  explain  the  effects 
of  polycrystalline  grain  size  upon  lower  yield  points,  as 
in  iron  and  steel,  and  flow  stressec,  as  in  non-ferrous 
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metals  and  alloys.  Petch’s  (1953)  derived  equation  was 
£Tf  = (T0  +kl-1/2,  where  cTf  = the  flow  stress  or  yield 
point  at  constant  strain,  <r 0 = a constant  representing 
the  friction  stress  of  an  isolated  dislocation  on  a slip 
plane,  and  kl  ly^2  = the  additional  stress  that  must  be 
added  to  0~o  in  deforming  a polycrystalline  material. 

The  term  k is  taken  to  be  a constant  for  a given  material 
under  a given  set  of  test  conditions  and  1 is  the  so  called 
"gram  diameter"  that  is  measured  on  a two-dimensional 
section.  The  original  derivation  of  this  equation  depends 
upon  the  stress  conditions  at  the  leading  edge  or  tip  of 
an  existing  crack  or  fissure  as  introduced  by  Griffith’s 
(1920).  The  Griffith  (1920)  crack  theory. is  applied  by 
making  the  assumptions  that:  (1)  a grain  boundary  is  a 

barrier  to  dislocation  flow,  (2)  dislocations  pile  up 
along  the  slip  plane  causing  a concentrated  stress  to  be 
applied  to  the  lead  dislocation,  and  (3)  the  stress  con- 
centration factor  is  proportional  to  the  number  of  dis- 
locations in  the  pile.  The  result  of  this  theory  is  the 
equation  expressed  above  which  says  that  the  stress  neces- 
sary to  push  a dislocation  in  proportional  to  the  square 
root  of  the  reciprocal  of  the  "grain  diameter." 
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Armstrong  et  al.  (1962)  mention  the  application 
of  Petch's  (1953)  theory  to  several  alloys  of  alpha  brass. 
Fxow  stress  was  found  to  be  directly  proportional  to  the 
negative  square  root  of  the  "grain  diameter"  at  any  con- 
stant value  of  strain  up  to  20  per  cent.  Most  of  the 
investigations  on  brass  were  conducted  by  Meakin,  and 
were  fully  presented  by  Meakin  and  Petch  (1962).  It 
should  be  mentioned  that  the  "grain  diameter"  measure- 
ment used  by  Petch  and  coworkers  becomes  even  more  con- 
fusing in  brass  because  of  the  annealing  twins.  These 
twins  are  always  considered  in  the  "grain  diameter" 
measurement. 

Numerous  investigations  on  a variety  of  metals 
and  alloys,  e.g.,  Cracknell  and  Petch  (1955),  Codd  and 
Petch  (1960),  Adams  and  Higgins  (1959),  Johnson  (1959), 
(1960),  Churchman  (1960),  Adams  et  al . (1960),  and 
others,  have  shown  that  the  Petch  equations  holds  over 
a wide  range  of  grain  size.  However,  recently,  several 
questions  have  been  raised  about  the  validity  of  the 
basic  mechanism,  the  pile  ups,  and  also  about  the  true 
meaning  of  "grain  diameter."  Measurements  made  on  a plane 
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section  cannot  measure  three-dimensional  grain  diamter  in 
a polycrystalline  aggregate  as  shown  by  Desch  (1919),  Hull 
and  Houk  (1953)  and  Smith  and  Guttman  (1953) . Rhines  and 
Lemons  (1968)  have  also  expressed  concern  over  the  general 
acceptance  of  "grain  diameter."  Therefore,  although  the 
equation  of  Fetch  (1953)  seems  to  hold  in  a variety  of 
situations,  there  exists  a fundamental  problem  in  that  the 
theory  and  experimental  measurements  are  not  considering 
the  same  parameter. 

Over  the  past  few  years,  there  has  been  a running 
discussion  of  what  polycrystalline  aggregate  dimension 
best  explains  the  yield  strength  data.  In  general,  most 
of  the  measurements  are  actually  related  to  the  surface 
area  of  the  crystal  boundaries  or  some  function  of  the 

boundary  area.  It  is  also  true  that  most  of  these  measure- 

% 

ments  are  a function  of,  or  proportional  to  the  two-dimen- 
sional mean  intercept  (A).  It  usually  follows,  that  if 
the  units  of  the  so  called  "grain  diameter"  measurements 
( f ) °r  (d)  are  made  similar,  they  are  numerically  equal 
to  A • This  has  not  always  been  the  case,  but  in  the 
more  recent  "grain  diameter"  measurements  by  counting 
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methods  such  as  intercept  counting  with  known  length  test 
line,  A = d =*  $ . Therefore,  the  functions  that  are  most 
commonly  used  to  explain  yield  strength  data  can  be  ex- 
pressed as  ( A ) n where ;n  can  take  on  the  values  of  1, 

1/2,  or  1/3.  The  groups  identified  with  (A)-1  are  sup- 
posedly followers  of  Bragg  (1942),  who  first  introduced 
this  concept.  Kocks  (1967)  also  contends  that  (A)"1  is 
the  correct  parameter,  but  he  interprets  its  meaning  in 
terms  of  average  distance  that  a dislocation  travels 
along  a slip  plane  in  a three-dimensional  grain  without 
intersecting  an  obstacle.  Wood  (1930)  and  followers  who 
use  x-ray  techniques  to  measure  grain  size  also  claim 
that  (A)’1  is  the  correct  measurement,  but  they  inter- 
pret (A)"1  in  terms  of  "the  interfacial  boundary  area. 

It  is  of  course  true  that  (A)"1  = 2N^  = Sv,  and  there- 
fore the  relationship  does  expand  directly  into  a measure- 
ment of  the  boundary  area  per  unit  volume  (Sv) . The  para- 
meter (A)  ^ is  the  Hall-Petch  interpretation  and  (A)“l/3 

was  introduced  by  Baldwin  (1958).  Baldwin  (1958)  showed 
that  most  any  of  the  known  yield  strength  data  gave  a 
straight  line  relationship  when  plotted  versus  (A)_n  where 
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n was  1,  1/2  or  1/3.  Baldwin  (1958)  liked  the  1/3  power 
because  the  extrapolations  of  the  yield  strength  versus 
(X)-1/3  relationships  went  to  zero  at  infinite  X . 

Kocks  (1959)  and  others  were  quick  to  point  out  that  the 
extrapolation  through  zero  was  physically  meaningless. 

Since  these  various  measurements  find  common 
application  to  metallurgical  problems,  the  writer  decided 
to  check  what  power  of  n from  ( A )‘n  best  fit  the  hardness 
data  obtained  from  recrystallized  copper-zinc.  A Model 
709  IBM  computer  was  programmed  for  a best  fit  index  to 
the  above  mentioned  relationships.1  The  best  fit  was 
(X)  1,  or  the  hardness  versus  boundary  area  relationships 
presented  in  the  body  of  this  thesis. 

Another  challenge  to  the  Hall-Petch  theory  has 
been  expressed  by  Conrad  (1961),  (1963),  and  Meakin  and 
Petch  (1962).  The  new  analysis  of  grain  and  grain  bound- 
ary restrictions  to  dislocation  flow  depends  upon  experi- 
mental results  obtained  through  electron  transmission 
microscopy.  This  theory  uses  the  variation  in  dislocation 
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density  with  grain  size  and  the  interaction  of  moving 
dislocations  with  the  long-range  internal  stress  fields 
that  are  associated  with  dislocations  already  present 
throughout  the  grain  matrix  per  se.  This  theory  has 
also  found  many  proponents,  e.g.,  Conrad  and  Christ 
(1963),  Conrad  (1963),  Marcinkowski  and  Fisher  (1965), 
Dingley  and  McLean  (1967),  and  Conrad,  Feuerstein,  and 
Rice  (1968).  This  theory  sort  of  bridges  the  gap  be- 
tween several  schools  of  thought  in  that  the  basis  goes 
all  the  way  back  to  Taylor  (1938)  and  the  resulting 
formula  used  to  explain  flow  stress  is  qualitatively 
interpretable  in  terns  of  the  Hall-Petch  analysis.  One 
interesting  point  made  in  this  theory,  is  that  grain 
boundaries  act  as  nucleation  sites  for  new  dislocations. 
Thus,  the  number  of  dislocations  present  in  the  polycrystal 
grains  depends  upon  the  grain  size.  Quantitative  estimates 
of  the  number  of  dislocations  within  strained  polycrystal- 
line grains  as  a function  of  grain  size  are  not  yet  avail- 
able, but  investigations  are  supposedly  in  progress.  This 
theory  could  possibly  agree  in  some  respects  with  the  pre- 
sent investigations.  Before  any  correlations  could  be 
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attempted,  it  would  be  necessary-  to  know  if  the  number 
of  dislocations  nucleated  at  grain  boundaries  are 

directly  related  to  grain  boundary  area, or  some  other 
parameter. 


APPENDIX  III 


CGMPKESSI\ E STRESS-STRAIN  ANALYSIS 

Brinell  Hardness  Number,  engineering  yield 
strength,  and  ultimate  tensile  strength,  have  often  been 
empirically  related.  Interest  was  thereby  generated  in 
an  investigation  on  alpha  brass  wherein  yield  strength 
would  be  determined  as  a function  of  boundary  area.  The 
supplies  of  base  materials  had  dwindled,  so  the  writer 
decided  to  conduct  a limited  survey  with  the  materials 
available.  This  later  proved  to  be  a mistake  because  the 
range  of  boundary  area  sampled  was  much  too  narrow.  The 
narrow  boundary  area  range  precluded  any  comprehensive 
comparisons  with  the  hardness  survey,  but  the  problems 
encountered  will  be  mentioned  in  hopes  that  some  time 
might  be  saved  for  future  investigators. 

In  order  to  establish  a comparable  range  of  grain 
size  at  each  alpha  brass  alloy  composition,  the  following 
procedure  was  followed:  CD  choose  a 1 1/4  inch  cube  at 

each  alloy  composition  (each  cube  had  a similar  uniform 
recrystallized  grain  size),  (2)  cut  each  cube  into  5/8  x 
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5/8  x 5/3  x 1 1/4  inch  pieces,  (3)  cold  roll  three  of  the 
four  pieces  at  each  composition  varying  amounts  along  the 
5/8  inch  square  faces,  (4)  heat  treat  and  cold  work  these 
same  three  specimens  at  each  composition  in  order  to 
produce  a different  uniform  grain  site  in  each  specimen, 
and  (5)  polish,  etch,  and  measure  all  specimens  for  inter- 
crystalline  boundary  area.  The  alloys  were  then  prepared 
for  mechanical  testing  by:  (1)  machining  each  piece  into 

a 1/4  x 3/4  inch  cylinder  on  a metal  lathe  (the  last  step 
was  to  face  the  specimen  ends  in  order  to  produce  parallel 
loading  surfaces),  (2)  chenically  remove  all  of  the  tool 
marks  with  a nitric  acid  solution,  and  (3)  give  all  speci- 
mens a final  heat  treatment  at  500°C  for  fifteen  minutes. 

Compression  testing  was  done  using  an  Instron 
testing  machine,  a strain  rate  of  10'2  in/in  per  minute, 
and  a 3 mil  teflon  sheet  at  each  end  of  the  specimen  to 
reduce  friction.  Finally,  stress  versus  strain  relation- 
ships were  calculated  from  the  data.  Four  types  of  informa- 
tion were  taken  from  these  diagrams:  (1)  the  stress  at  the 

first  deviation  from  the  linear  or  Hooklan  behavior  at  the 
beginning  of  deformation  (trE.L),  (2)  the  stress  at  a 
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constant  strain  of  0.05  mm/mm  ( 0~^) f this  value  was  used 
because  some  yield  drop  type  of  behavior  was  found  in  some 
of  the  alloys  causing  stresses  at  earlier  values  of  strain 
to  be  a little  confusing,  (3)  the  area  under  the  stress- 
strain  curve  from  zero  to  a predetermined  value  of  strain, 
and  (4)  the  slope  of  the  linear  portion  of  plastic  deforma- 
tion Cnjx),  or  the  so  called  strain  hardening  coefficient 
during  Stage  II  determinations.  All  of  this  information  is 
summarized  in  Table  XIV. 

The  problems  encountered  in  this  research  were: 

Cl)  the  loading  surfaces  at  each  end  of  the  specimens  were 
not  parallel  enough,  (2)  the  boundary  area  range  sampled 
was  too  narrow  (150-650  cm2/cm3) , and  (3)  the  specimens 
were  too  small.  Possible  solutions  to  these  problems  are: 
(l)  the  new  helical  loading  device  available  from  Instron 
for  compression  testing,  or  a lapping  arrangement  for 
making  the  specimen  ends  perfectly  parallel,  (2)  more 
material,  and  (3)  the  specimens  should  have  at  least 
twenty  grains  in  a cross  section  at  the  largest  grain  size 
tested,  the  general  width  to  length  ratio  is  1:3. 


Measurements  Taken  from  Compressive  Stress  versus  Strain  Experiments  on  Recrystal- 
lized Alpha  Brass 

All°y  Sv  ^“E.L  5 Area 

(cm^/ cm^) (kg/mm2) (kg/mm^) (kg/mm^  - mm/mm)  (kg/mm^  - mm/mm) 
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APPENDIX  IV 


hardness  and  energy  per  unit  volume 


Chattergee  (1956)  introduced  the  following  method 
for  converting  Brinell  Hardness  Numbers  to  the  energy  re- 
quired per  unit  volume  of  material  deformation.  Referring 
to  Figure  36  of  Appendix  1: 

A vertical  load  is  applied  to  a spherical  indenter 
of  diameter  D creating  an  indentation  of  chordal  diameter 
2a  or  d and  depth  h.  The  work  done,  W,  is  then  given  by: 

h 

W*  S Ldh  (4) 

o 

Since  L is  not  independent  of  h,  the  Meyer  law  is  used  to 
establish  a relationship, 


L = kdn 
K = A/DH"2 


(5) 

(6) 


where  A and  n are  constant,  depending  on  the  nature  of  the 
material  but  independent  of  the  ball  diameter  D.  From 
Figure  36  it  is  obvious  that, 
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h = R(1  - cos  © ) 
d = 2R  sin  © 

substituting  into  equation  (4) 

© 

W = A 23  R3  (1/2)  ^ sinn+1  © d © (7) 

o 

In  equation  (7),  the  indentation  angle  0 and  index  n are 
both  variables  and  n in  general  is  not  an  integer.  Suppose 
that 


e 

1/2  $ sinn+1  © d©  = F(n)  (8) 

o 


where  F(n)  is  some  function  of  n for  a given  value  of  © . 

If  F(0)  and  G(0)  are  two  independent  functions  of  © , then 


s 


F(  0 ) G( © ) d©  / 


e 

5 F( © )d© 


o 


f(  © ) 


(9) 


where  f(©)  is  another  function  of  © defined  by  equation 
(9).  Substituting  sinn+-*-©  for  F(G)  and  £n  sin©  for 
G( © ) gives 
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1/2 


sinn+-'-©  $n  sin©d©=  f(0)  1/2 


0 


^ sinn+l©  d© 


(10) 


From  equation  (8)  it  is  obvious  that 

e 

aL-ESul  = 1/2  C sin0*"'"©  £n  sin  © d©  (11) 

dn  J 

o 

combining  equations  (8),  (10),  and  (11)  gives 


d F(n)  - f(©)  F(n) 
dn 

(12) 

let  /3  = f(0  ) 

(13) 

then  F(n)  = cxe^n 

(14) 

Note  that  p is  a function  of  Q but  independent  of  n. 

Hence,  for  a given  value  of  © , p can  be  taken  as  constant 
independent  of  the  nature  of  the  material.  Combining 
equations  (7),  (8),  and  (14)  gives 

W = A23  R3  c*  e 


From  Figure  36,  the  volume  of  the  indentation  is  given  by 


V = (3R-h)  = [ 2-cos©  (sin2©  + 2)] 

3 3 


3 
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The  hardness  H defined  as  W/V  is  therefore  given  by 

it  = u/v  A 24  cx  e 

tt[2-cos©  (sin-2e  +2)] 

= K(24Dn~2  o<  e^n) 

TT  [2  -cos  © (sin2 9 +2)]  (15) 

Therefore,  with  a known  contact  angle,  and  the  information 
from  the  Meyer  analysis,  it  is  possible  to  calculate  the 
energy  required  to  deform  a unit  volume  of  material. 

Chattergee  (1956)  shows  that  a normal  Brinell  Hard- 
ness Number,  and  the  Hardness  Number  (H)  expressed  in 
equation  (15)  are  similar  for  several  materials. 

The  author  decided  to  use  the  information  gathered 
in  the  Meyer  analysis  to  check  this  relationship  for  the 
presently  studied  alpha  brasses.  Although  the  Meyer 
analysis  is  "not  the  best"  in  the  current  investigation, 
the  Brinell  Hardness  Numbers  and  the  energy  required  to 
deform  a unit  volume  of  material  were  very  close  for  all 
of  the  alloys  tested.  This  information  is  summarized  in 
Table  XV. 
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TABLE  XV 

Information  for  the  Calculation  of  the  Energy  Required 
to  Deform  a Unit  Volume  of  Material  by  the  Method  of 

Chattergee  (1956) 


Specimen 

Sv 

n 

k 

H=E/v 

( cm2 / cm^) 

(kg/mm) 

(kg) 

(kg/mm^) 

95-2 

226.9 

2.734 

11.14 

39.29 

95-14 

361.5 

2.525 

17.21 

45.09 

95-11 

494.5 

2.617 

15.62 

46.99 

95-3 

759.3 

2.455 

20.42 

48.76 

95-7 

766.2 

2.498 

19.17 

48.67 

95-4 

1205.0 

2.282 

29.29 

55.00 

85-2 

183.9 

2.666 

13.81 

44.33 

85-3 

310.9 

2.608 

16.72 

49.36 

85-10 

646.3 

2.527 

19.92 

52.66 

85-6 

821.1 

2.504 

22.02 

56.27 

85-3 

1562.5 

2.253 

35.88 

64.76 

75-2 

278.4 

2.544 

15.08 

40.70 

75-11 

374.8 

2.534 

20.05 

53.44 

75-10 

491.0 

2.433 

22.00 

50.93 

75-3 

1033.1 

2.310 

34.30 

67.84 

75-4 

1454.0 

2.317 

38.02 

75.04 

25-2 

265.8 

2.617 

14.58 

43.74 

25-10 

364.8 

2.534 

19.62 

52.02 

25-15 

501.8 

2.350 

28.00 

57.80 

25-6 

731.7 

2.305 

29.40 

58.09 
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Characterization  of  A Brinell  Hardness  Test 

A normal  Brinell  hardness  test  on  a normal  poly- 
crystalline metal  is  far  from  simple.  Therefore,  the 
writer  will  spell  out  a series  of  events  that  could  be 
used  to  characterize  the  various  stages  of  the  indenta- 
tion process  and  the  resulting  material  states  at  each 
stage.  For  the  sake  of  explanation,  three  different 
situations  will  be  evaluated  and  compared.  For  instance: 
(1)  a normal  metal  but  a special  hardness  test  (the  load 
applied  to  the  indenter  is  adjustable);  (2)  a special 
metal  (where  no  strain  hardening  takes  place  during 
plastic  deformation)  and  a normal  hardness  test;  and  (3) 
a normal  metal  and  a normal  hardness  test. 

Situation  (1):  At  any  load,  when  the  indenter  first 

touches  the  test  surface,  the  metal  is  elastically  dis- 
torted such  that  if  the  indenter  were  immediately  removed, 
no  permanent  indentation  would  remain.  There  is  no  easy 
way  to  measure  the  amount  of  elastic  distortion  of  this 
early  stage  of  deformation.  This  is  because  there  is  no 
information  available  about  the  elastic  portion  of  a hard- 
ness test  because  no  permanent  impression  is  made  until 
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the  start  of  plastic  deformation.  In  other  words,  to  read 
a hardness  number,  there  must  be  plastic  deformation. 
Therefore,  let  us  move  on  to  an  adjustable  load  situation 
where  a hardness  test  is  set  up  such  that  the  test  sequence 
starts  with  no  load  applied  to  the  indenter  and  proceeds 
with  an  ever  increasing  load.  Theoretically,  in  the  very 
beginning,  the  metal  under  the  ball  would  become  more  and 
more  elastically  distorted  as  the  load  increases  until 
finally  the  load  WDuld  reach  a high  enough  level  to  over- 
come the  elastic  resistive  forces  of  the  metal.  This  load 
to  indenter  support  area  ratio  would  determine  a hardness 
number  that  could  be  called  a true  elastic  limit,  and 
would  be  a measure  of  the  start  of  plastic  deformation. 

As  was  mentioned  above,  the  problem  in  determining  this 
measurement  is  that  there  is  no  information  available 
except  after  the  start  of  plastic  deformation,  i.e.,  at 
all  loads  up  to  the  true  elastic  limit,  the  hardness  numbers 
are  infinite.  Also,  there  is  a bit  of  a problem  in  trying 
to  interpret  these  very  early  stages  of  a hardness  test 
because,  in  theory,  the  indenter  touches  the  test  material 
at  a point,  which  would  require  a vanishingly  small  load 
to  reach  the  true  elastic  limit.  After  the  true  elastic 
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limit  is  surpassed,  the  indentation  process  proceeds  by 
plastic  flow,  and  if  the  load  were  steadily  increased, 
the  indenter  would  keep  sinking  into  the  material  until 
it  reached  the  indenter  diameter,  beyond  this  condition 
the  hardness  number  would  be  meaningless. 

Situation (2) : In  a normal  Brinell  hardness  test,  the 

true  elastic  limit  would  be  reached  immediately  and  with 
no  strain  hardening,  there  would  not  be  any  further  re- 
sistance to  plastic  deformation,  i.e.,  the  material  under 
the  indenter  would  be  in  a fully  plastic  state.  Therefore, 
the  indenter  would  sink  into  the  material  until  a large 
enough  indenter  to  material  surface  was  produced  to  just 
support  the  applied  load.  This  is  a special  situation  and 
at  least  theoretically  provides  a method  to  measure  a true 
elastic  limit.  This  state  would  represent  the  load  per 
support  area  where  the  material  resistance  to  deformation 
is  truly  elastic  without  any  strain  hardening  contributions. 
This  hardness  number  (without  strain  hardening  effects) 
would  be  lower  than  a normal  hardness  number  where  strain 
hardening  is  included. 
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Situation  (3) ; At  the  very  first  moments  of  this  test, 
the  metal  is  again  elastically  deformed,  and  once  again 
plastic  deformation  starts  whenever  the  true  elastic 
limit  is  reached,  at  this  stage  the  material  under  the 
indenter  becomes  plastic  (but  not  fully  plastic)  :and  the 
indenter  moves  into  the  test  material.  In  contrast  to 
situation  (2),  strain  hardening  takes  place  and  the 
plastically  deformed  metal  forms  a resistance  to  continued 
plastic  deformation  that  increases  with  the  amount  of 
plastic  deformation.  This  results  in  a decreasing  rate 
of  descent  of  the  indenter  into  the  test  material,  and  in 
fact,  stops  the  indenter  at  some  value  short  of  the  true 
elastic  limit  measurement  of  situation  (2).  This  strain 
hardening  resistance  is  a result  of  the  plastic  flow  process, 
but  appears  as  an  increase  in  the  elastic  limit  or  an  effec- 
tive elastic  limit  of  a plastically  deformed  metal.  Thus, 
one  might  say  that  when  the  effective  elastic  limit  has 
reachpd  a high  enough  value,  the  indenter  ceases  to 
plastically  deform  the  metal  and  a semi-equilibrium  state 
is  established  where  the  load  applied  to  the  indenter  is 
just  balanced  by  the  combined  elastic  resistances  of  the 


metal . 
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Another  way  to  consider  this  type  of  hardness  test 
is  to  evaluate  the  energy  required  or  expended  during  the 
various  processes.  For  instance,  before  the  start  of 
plastic  deformation  or  up  to  the  initial  value  of  true 
elastic  limit,  all  of  the  energy  expended  to  distort  the 
test  material  is  recoverable.  At  the  onset  of  plastic 
deformation,  this  is  no  longer  the  case.  As  soon  as  the 
indenter  places  a permanent  indentation  into  the  metal, 
energy  is  expended  in  one  form  or  another.  As  plastic 
deformation  proceeds,  the  amount  of  energy  required  to 
deform  the  material  depends  upon  such  factors  as  the 
amount  of  strain  hardening,  i.e.,  more  strain  hardening 
means  more  energy  expended  per  unit  of  deformation  or 
material  volume  displacement. 

To  put  this  analysis  on  a more  quantitative  basis 
and  to  include  the  effects  of  material  properties  as 
related  to  grain  boundaries,  the  writer  will  attempt  to 
explain  these  various  processes  with  the  aid  of  Figure 
37,  part  a and  part  b.  Figure  37,  parts  a and  b,  are 
graphs  where  Brinell  Hardness  Number  has  been  plotted 
versus  the  dimensionless  parameter  d/D,  where  d is  the 


(BHN)(kg/mm2)  (BHN)  (kg/mm2) 
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Ca)  Schematic  representation  of  a Brinell  Hardness  Number 
versus  a dimensionless  parameter  for  an  average  crys- 
tal of  75-25  copper-zinc 


(b) 


Polycrystal  Sv=200Cci?/cm2 


limit  plus  strain  hardening 

limit  (BHN)S=  no  strain 
hardening 


(b)  Schematic  representation  of  a Brinell  Hardness 
Number  versus  a dimensionless  parameter  for  a 
polycrystal  (2000cm2/cm3)  of  75-25  copper-zinc 


Figure  37.  Schematic  representations  showing  the  energy 
required  to  deform  an  average  crystal  and  a 
polycrystal  of  75-25  copper-zinc 
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chordal  diameter  of  the  hardness  impression  and  D is  the 
indenter  diameter.  Part  a is  for  an  average  crystal  of 
75-25  copper-zinc  while  part  b is  for  a polycrystal  with 
Sv  = 2,000  cm2 /cm3 . The  energy  per  unit  volume  of  deform- 
ation (E/v),  shown  on  these  graphs,  refers  to  the  measure- 
ments for  Chattergee' s (1956)  analysis  and  are  proportional 
to  a Brinell  Hardness  Number. 

The  important  points  to  be  made  with  these  graphs 
are:  (1)  (E/v)1A  > (E/v>2a  for  the  average  crystal,  (2) 

(E/v) ib  > (E/v)2b  for  the  polycrystal,  (3)  (E/v)2A  = (E/v)2b 
comparing  the  strainless  hardness  (BHN) , for  the  average 
crystal  polycrystal,  and  (4)  (E/v)1A  < (E/v)lfi  comparing 
the  average  crystal  and  polycrystal. 

It  should  also  be  mentioned  that  the  elastic  region 
shown  would  be  infinitely  small,  but  it  was  shown  here  to 
help  in  the  interpretation. 


APPENDIX  V 


GRAIN  BOUNDARY  DEFORMATION  MODEL 

Rhines  (1965)  introduced  a model  showing  a sequ- 
ence of  events  that  characterizes  the  geometry  of  a grain 
boundary  during  plastic  deformation.  Following  Rhines’- 
(1965)  explanation  let  us  hypothetically  form  a grain 
boundary,  look  at  its  structure  in  relation  to  the  con- 
joint grains,  and  sequentially  follow  a simple  deformation 
process.  To  form  a grain  boundary  two  grains  that  each 
have  one  perfectly  clear  randomly  oriented  flat  surface 
are  brought  together  along  the  flat  surfaces  and  auto- 
geneously  welded.  The  weld  interface  could  be  called 
(1)  a grain  boundary,  or  (2)  a crystallogrphic  disconti- 
nuity within  the  bicrystal,  i.e.,  the  lattice  planes  in 
conjoint  grains  are  not  parallel.  Supposing  that  no 
strains  were  introduced  in  the  forming  operation,  what 
happens  to  the  grain  boundary  interface  during  plastic 
deformation?  For  simplicity,  bicrystal  grains  are  now 
oriented  such  that  slip  planes  in  the  separate  grains  are 
only  different  by  simple  tilt  and  twist  angles,  Figure 
3 8,  part  a.  The  left  hand  grain  is  then  plastically 
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Cc) 

Figure  38.  Schematic  deformation 


of  a bicrystal 
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deformed  by  a shearing  operation,  as  is  shown  in  Figure 
38,  part  b.  This  plastic  deformation  necessarily  deforms 
the  grain  boundary  and  since  the  right  hand  grain  has  been 
welded  at  the  interface,  it  must  conform  to  the  shape 
change  of  the  left  hand  grain.  The  right  hand  grain  is 
not  oriented  correctly  for  simple  accommodation  at  the 
grain  boundary  and  therefore  will  necessarily  deform 
along  a different  rotation  path,  Figure  33,  part  b.  Thus 
by  deforming  the  left  hand  grain,  the  right  hand  grain 
must  also  be  deformed,  but  the  right  hand  grain  can  only 
resist  this  deformation  process  along  the  grain  boundary. 
Theoretically , if  the  grain  boundary  interface  were  re- 
moved from  the  bicrystal  both  before  and  after  deformation, 
it  would  be  found  that  the  grain  boundary  area  had  increased 
during  the  plastic  deformation  process,  Figure  38,  part  c. 
This  increase  in  grain  boundary  area  is  a measure  of  a 
balance  between :(1)  the  initial  energy  supplied  to  deform 
the  left  hand  grain,  and  C2)  the  energy  used  up  by  the 
resistance  of  the  right  hand  grain  to  deformation  on  a 
non-coincident  set  of  slip  planes  under  the  continuity 
restrictions  af"  the  grain  boundary.  Thus,  the  increase 
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in  grain  boundary  area  is  a direct  measure  of  the  amount 
of  shear  that  has  passed  from  the  left  hand  grain  to  the 
right  hand  grain.  It  therefore  follows,  that  the  grain 
boundary  deformation  process  can  be  characterized  by  the 
grain  boundary  area  change  during  plastic  deformation, 
without  separately  considering  the  dislocations,  or  the 
atomic  interactions  at  the  grain  boundary  interface. 

Although  this  is  a simple  and  rather  presump tous 
example,  the  ideas  formulated  are  germane  to  the  under- 
standing of  a grain  boundary's  role  in  polycrystalline 
aggregate  deformation. 


APPENDIX  VI 


GRAIN  BOUNDARY  ENERGIES 

It  has  long  been  known  that  intercrystalline  and 
intracrystalline  penetration  of  alpha  brass  by  various 
solutions  and  liquid  metals  is  sensitive  to  alloy  compo- 
sition. Since  in  general,  liquid  metal  embrittlement 
along  grain  boundaries  in  alpha  brass  has  been  related 
to  the  relative  liquid-to-metal  and  metal- to -metal  sur- 
face energies,  interest  was  generated  in  a comprehensive 
survey  in  recrystallized  alpha  brass.  At  the  outset,  it 
was  assumed  that  a high  grain  boundary  energy  ;might  also 
mean  a high  resistance  of  the  grain  boundary  interface 
to  plastic  deformation. 

Bates  (1965)  ran  a set  of  experiments  wherein  he 
soaked  seven  different  alloys  of  recrystallized  alpha 
brass  in  liquid  mercury  for  forty  hours  at  170+5°C.  After 
the  soaking  operation,  two  different  techniques  were 
applied  in  an  attempt  to  measure  the  liquid- to- solid 
dihedral  angles  along  the  grain  boundaries.  The  first 
technique  was  to  solidify  the  mercury  in  liquid  nitrogen 
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and  to  section  the  specimens  such  that  the  bimetal  inter- 
face was  visible.  Af^er  etching,  an  attempt  was  made  to 
measure  the  root  angles  of  the  mercury  penetrations  along 
brass  grain  boundaries,  but  it  was  impossible.  The  smear- 
ing of  the  soft  mercury  precluded  any  clear  definition  of 
interfaces  between  the  mercury  and  brass.  As  an  estimate 
of  penetration,  the  average  depth  of  mercury  penetration 
into  the  specimen  along  the  grain  boundaries  was  measured 
perpendicular  to  the  brass  specimen  edge.  The  average 
depth  of  penetration,  measured  perpendicular  to  the  brass- 
mercury  surface  is  shown  as  a function  of  zinc  concentra- 
tion in  Figure  39. 

The  second  technique  used  was  to  evaporate  the 
mercury  from  the  brass  specimens,  mount  the  specimens, 
polish,  etch,  and  then  once  again  attempt  to  measure  the 
root  angles  of  the  cracks  that  existed  along  the  grain 
boundaries.  The  root  angles  were  not  clearly  defined  and 
could  not  be  measured.  Thus,  once  again  estimates  were 
made  of  penetration  depth  along  grain  boundaries  perpen- 
dicular to  the  external  brass  surface,  Figure  40,  along 
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Figure  40.  Average  depth  of  penetration  measured  perpen- 
dicular to  the  specimen  edge  versus  zinc  con- 
centration in  alpha  brass  with  mercury 
evaporated  from  the  specimens 
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the  path  of  the  penetration,  Figure  41,  and  also  the 
average  V-notch  angle  from  the  specimen  surface  to  the 
bottom  of  the  penetration,  Figure  42. 

Although  the  results  look  interesting,  the  measure- 
ments made  were  estimates  and  could  only  be  used  as  an 
indication  of  the  true  dihedral  angles. 

The  next  attempt  to  measure  true  dihedral  angle 
relationships  of  a liquid  metal  equilibrated  along  brass 
grain  boundaries  was  made  by  the  author.  This  was  done 
by  mixing  approximately  3 w/o  lead  into  molten  alloys  of 
alpha  brass,  cooling  the  ingots  to  room  temperature,  cold 
rolling  and  annealing  to  break  up  the  cast  structure, 
soaking  the  specimens  at  a temperature  above  the  melting 
point  of  lead  for  several  hours,  and  quenching.  Supposedly, 
the  lead  globules  along  the  brass  grain  boundaries  equili- 
brate by  the  minimization  of  surface  energies.  Therefore, 
a measurement  of  the  true  dihedral  angle  between  the  liquid 
lead  and  solid  brass  can  be  used  to  estimate  the  relative 
energies  of  the  liquid  to  solid  interface  and  the  grain 
boundary  interfaces.  This  method,  and  the  theory  was 
explained  by  Smith  (1948). 
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gure  . verage  depth  of  penetration  measured  parallel 
to  the  penetration  versus  zinc  concentration 
in  alpha  brass  with  the  mercury  evaporated 
from  the  specimens 
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Figure  42.  Average  V-notch  angle  versus  zinc  concentration 
in  alpha  brass  with  the  mercury  evaporated  from 
the  specimens 
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The  present  experiments  are  broken  down  into  two 
groups,  group  (1)  is  composed  of  four  different  brass 
alloys  that  were  soaked  at  450  C for  24  hours  and  quenched, 
while  group  (2)  is  composed  of  four  specimens  of  the  same 
alloy  that  were  soaked  at  variable  times  and  temperatures, 
followed  by  a quench.  This  information  is  summarized  in 
Table  XVI. 

TABLE  XVI 


Alloy  Compositions  and  Heat  Treatments  on  Copper-Zinc- 
Lead  Alloys 


Specimen  Number 

Alloy  Composition 

Heat  Treatment 

— 

Cu  - Zn  - Pb 

time- temperature 

1 

87-10-3 

24  hours  @ 450°C 

3 

73-24-3 

24  hours  (5  450°C 

4 

63-34-3 

24  hours  @ 450°C 

1A 

93-4  - 3 

84  hours  @ 375°C 

IB 

93-4  - 3 

60  hours  @ 450°C 

1C 

93-4  - 3 

24  hours  @ 600°C 

ID 

93-4  - 3 

12  hours  @ 800°C 

The  frequency  of  dihedral  angle  versus  dihedral 
angle  graphs  as  measured  on  two-dimensional  sections  for 
specimens  1-4  are  shown  in  Figure  43,  parts  a - d.  A 
similar  set  of  graphs  for  specimens  1A  - ID  are  shown  in 
Figure  44,  parts  a - d. 
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Figure  44.  The  angular  distribution  of  dihedral  angles  for  alpha 
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The  reason  that  no  information  is  given  on  specimen 
2 is  that  it  was  accidentally  destroyed  during  pretreatment. 


APPENDIX  VII 


QUENCHING  EXPERIMENTS 

Quenching  experiments  will  be  summarized  in  three 
major  groups  according  to  composition:  (1)  70-30,  (2)  67- 

33,  and  (3)  65-35  copper-zinc. 

Group  (1) : Two  different  sizes  of  specimens  were  quenched 

in  attempting  to  "quench  in"  the  high  temperature  material 
state.  The  first  series  used  normal  size  hardness  speci- 
mens that  were  quenched  from  600°C  into  liquid  nitrogen. 

The  nitrogen  was  rapidly  stirred  during  the  quench,  as 
were  all  quenching  solutions.  The  hardness  tests  were 
made  on  the  specimens  within  five  minutes  after  the  quench, 
and  the  tests  were  made  with  the  specimens  under  the  liquid 
nitrogen.  The  second  series  of  70-30  copper -zinc  specimens 
were  reduced  in  size  to  one-fourth  of  a normal  hardness 
specimen,  i.e.,  0.25x0.25x1  inch,  and  quenched  from  650^C 
into  iced  brine  (266  K) . These  specimens  were  transferred 
to  liquid  nitrogen  after  a two-minute  quench  in  iced  brine, 
and  were  nested  for  hardness  while  under  the  liquid 
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nitrogen.  The  third  series  of  specimens  were  also  small 
and  were  quenched  from  650°C  into  iced  brine,  but  were 
warmed  to  room  temperature  before  making  hardness  measure- 
ments . 

The  important  result  obtained  from  the  first  test 
series  on  70-30  copper-zinc  was  that  the  normal  boundary 
area  contribution  to  hardness  relationship  was  unchanged 
by  quenching,  Figure  45.  No  reason  could  be  found  to 
satisfactorily  explain  the  low  absolute  values  of  the 
hardness  numbers  except  possibly  the  specimens  had  not 
fully  reached J 7 7 K after  quenching.  These  same  specimens 
gave  the  normal  room  temperature  hardness -boundary  area 
relationship  after  warming  the  specimens  to  298°K  and 
testing  immediately.  The  same  hardness-boundary  area 
relationship  was  also  obtained  when  the  specimens  were 
again  tested  at  room  temperature  after  a time  lapse  of 
several  months.  The  second  and  third  series  of  experiments 
on  small  size  70-30  copper-zinc  specimens  was  interesting 
but  could  not  be  used  for  comparisons  because  they  were 
too  small.  The  hardness  test  sampled  the  exterior  (side) 
surfaces.  The  reason  for  including  them  was  because  the 
hardness -boundary  area  relationships  were  found  to  be 
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^slst ionships  for  the  cpienched,  slow  cooled  and  aged  states 
of  70-30  copper-zinc 
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linear  but  low  in  magnitude  and  seemed  to  be  a function 
of  specimen  size.  This  would  imply  that  the  exterior 
surface  offers  a unique  resistance  to  plastic  flow  that 
is  less  than  a grain  boundary's  resistance.  The  same 
boundary  area  plus  external  surface  contribution  to  hard- 
ness was  found  at  77  and  2S8°K. 

Group  (2) : The  67-33  copper-zinc  alloys  were  prepared 

especially  for  the  quenching  experiments.  The  study  on 
67-33  copper-zinc  was  aimed  at  a comparison  of:  (1) 

furnace  cooling,  (2)  slow  cooling  by  natural  means,  and 
(3)  quenching.  This  was  done  by:  (1)  allowing  series  of 

specimens  to  cool  overnight  in  a furnace  that  was  switched 
off  at  the  end  of  the  heat  treating  time,  (2)  removing 
another  series  from  the  furnace  and  allowing  them  to  cool 
normally  by  standing  in  air  at  room  temperature  (the 
specimens  were  within  a heat-treating  chamber  that  also 
contained  chips,  and  (3)  quenching  the  third  series  into 
iced  brine.  The  results  of  these  experiments  are  shown 
in  Figure  46  where  hardness  is  plotted  as  a function  of 
boundary  area  for  all  of  the  67-33  copper-zinc  specimens. 
The  furnace-cooled  and  air-cooled  specimens,  shown  by  the 
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Figure  46.  Brinell  Hardness  Number  versus  boundary  area  per  unit  volume 
relationships  for  the  slow  cooled,  quenched  and  aged  states 
of  67-33  copper-zinc 
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x s and  circles  respectively,  give  the  same  hardness  versus 
boundary  area  relationships.  The  specimens  that  were  tested 
for  hardness  immediately  after  quenching  (the  squares)  and 
the  hardness  tests  that  were  made  after  one  week  (the 
triangles)  are  also  seen  to  give  a similar  boundary  area 
contribution  to  hardness.  The  reason  for  the  change  in 
absolute  magnitude  of  the  hardness  number  with  quenching 
is  again  unknown,  but  could  be  a result  of  quench  strains 
induced  by  the  specimen  surface  cooling  faster  than  the 
specimen  center. 

Group_(3):  The  last  group  of  quenching  experiments  were 

on  the  65-35  copper-zinc  alloys.  Several  different  bound- 
ary area  specimens  were  quenched  into  iced  brine  from  600°C. 
The  specimens  were  then  immediately  hardness  tested  at 
room  temperature.  This  testing  did  not  take  more  than  two 
minutes  from  start  to  finish.  The  specimens  were  then 
allowed  to  stand  at  room  temperature  for  one  week,  then 
the  hardness  was  remeasured.  The  results  of  these  tests 
are  shown  in  Figure  47,  where  hardness  is  plotted  versus 
boundary  area.  The  squares  represents  the  quenched  state 
and  the  triangles  represent  the  quenched  and  aged  state. 
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Note  that  the  slope  of  the  hardness-boundary  area  relation- 
ship has  decreased  with  aging. 


APPENDIX  VIII 


IMPURITY  EFFECTS 

"Equilibrium  segregation"  of  impurities  to  grain 
boundaries  is  a widely  accepted,  but  generally  unproven 
phenomenon  in  metallic  polycrystalline  aggregates.  The 
boundary  area  hardness  contribution  found  in  the  present 
research  could  possibly  fit  an  "equilibrium  segregation" 
interpretation  for  explaining  both  composition  and  temp- 
erature dependencies.  The  importance  of  impurities  was 
eliminated  by  the  result  that  the  same  boundary  area 
versus  hardness  relationships  are  obtained  from  different 
heats  of  the  same  composition  brasses.  To  further  check 
this  effect,  two  series  of  99.999  pure  copper  specimens 
were  prepared  such  that  each  series  covered  about  the 
same  range  of  boundary  area.  The  first  series  was  pre- 
pared without  any  protection  from  the  air.  Internal 
oxidation  of  copper  forms  an  oxide  along  the  grain  bound- 
ary interfaces,  which  would  certainly  act  as  an  impurity. 
The  second  series  of  specimens  were  protected  from  oxida- 
tion. The  hardness  versus  boundary  area  relationship  for 
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both  the  oxidized  and  unoxidized  copper  are  shown  in 
Figure  48.  The  relationship  is  the  same  in  the  two  cases. 

Another  check  was  made  on  impurity  levels  in  all 
of  the  different  brass  alloys  by  making  spectrographic 
comparisons  with  high  purity  copper  and  zinc.  The  spectro- 
graphic plate  showed  no  anomalous  lines. 

Further  analysis  on  the  possibility  of  impurities 
was  made  by  (1)  making  microprobe  traces  across  grain 
boundaries  at  all  compositions,  and  (2)  making  electron 
microscope  replicas  of  the  specimen  surfaces  at  each 
composition.  In  both  cases,  the  results  were  without 
unusual  effects  or  anomalies. 
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Figure  48.  Hardness  versus  boundary  area  for  oxidized 
and  unoxidized  specimens  of  pure  copper 
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